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ABSTRACT 

Ten  15.9  mm  (5/8  in.)  nominal  outside  diameter  geometri- 
cally enhanced  tubes  of  different  metals  were  tested  to 
determine  their  heat  transfer  and  hydrodynamic  performance. 
Results  were  compared  to  smooth  copper-nickel  tubes.   Steam 
at  about  21kPa  (3  psia)  was  condensed  on  the  outside  surface 
of  each  enhanced  tube,  horizontally  mounted  in  the  center  of 
a  dummy  tube  bank.   Each  tube  was  cooled  on  the  inside  by 
water  at  velocities  of  2.7  to  7.6  m/sec  (3  to  25  ft/sec). 

The  overall  heat  transfer  coefficient  was  determined  from 
experimental  data.   The  inside  and  outside  heat  transfer 
coefficients  were  determined  using  the  Wilson  plot  technique. 
Friction  factor  in  the  enhanced  section  was  determined  from 
the  cooling  water  pressure  drop. 

Enhanced  geometries  (utilizing  pitch,  helix  angle  and 
groove  depth)  were  found  to  improve  the  corrected  overall  heat 
transfer  coefficient  by  as  much  as  2  times  that  for  smooth 
tubes.   Use  of  enhanced  tubes  in  place  of  smooth  tubes  will 
permit  a  decrease  in  condenser  tube  surface  area  from  17  to 
53  percent  for  constant  heat  loads  and  constant  pumping  power. 
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I.   INTRODUCTION 

A.   BACKGROUND  INFORMATION 

Ship  design  has  become  an  increasingly  integrated  process 
over  the  past  few  years.   Systems  approaches  are  being  util- 
ized that  require  attention  to  the  entire  complex  of  commun- 
ications, combat  and  engineering  equipment  to  be  carried 
within  a  desired  hull  form.   The  desire  to  obtain  maximum 
operational  efficiency  is  no  longer  dependent  upon  hull 
design  alone.   Every  system  is  reviewed  for  possible  reduc- 
tions in  manufacturing  costs  as  well  as  weight  and  space 
savings.   Efforts  to  achieve  these  reductions  in  naval  steam 
power  plants  must  include  the  steam  condenser,  which  has 
traditionally  been  overdesigned.   Application  of  enhanced 
heat  transfer  methods,  such  as  tube  surface  geometry  changes 
or  promotion  of  dropwise  condensation,  would  allow  for 
reduction  in  condenser  size  with  perhaps  a  resulting  savings 
in  weight  and  cost.   Enhanced  heat  transfer  methods  would 
also  permit  lower  condenser  pressures  to  be  achieved,  thus 
reducing  operating  costs  by  saving  fuel. 

Investigation  of  condenser  design  processes  by  Search  [l], 
indicated  that  with  the  use  of  computer  methods,  enhanced  heat 
transfer  techniques  in  marine  condensers  can  increase  heat 
loads,  at  constant  pumping  power,  by  up  to  50  percent.   Search 
concluded  that  enhancement  methods  could  decrease  condenser 
weight  and  cost  for  constant  pumping  power  and  constant  heat 
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load  as  compared  to  a  conventional  condenser  design  under 
the  same  conditions.  Savings  of  up  to  40  percent  in  size 
and  weight  were  reported  depending  upon  enhancement  technique. 

In  recent  years  many  research  efforts  have  been  directed 
to  the  study  of  heat  transfer  enhancement  techniques  and 
their  application  to  heat  exchanger  design.   Bergles  [2]  has 
recently  summarized  a  wide  variety  of  tests  conducted  to 
study  the  behavior  and  performance  characteristics  of  convec- 
tive  heat  transfer  enhancement  techniques  both  with  single 
phase  as  well  as  two  phase  processes.   He  categorized  enhance- 
ment techniques  as  passive  (i.e.,  enhanced  tubes)  or  active 
(i.e.,  surface  vibration). 

A  variety  of  studies  have  been  conducted  pertaining  to 
condenser  applications.   Palen,  Cham  and  Taborek  [3]  conducted 
tests  with  TURBOTEC  tubes  manufactured  by  Spiral  Tubing  Cor- 
poration.  Bundle  configuration  tests  were  designed  to  compare 
the  performance  of  TURBOTEC  tubes  to  that  of  smooth  tubes. 
The  test  bundle  had  196  25.4  mm  outside  diameter  tubes  arranged 
in  16  vertical  rows.   Steam  pressures  of  379  kPa  and  724  kPa 
on  the  shell  side  of  the  condenser  and  bundle  cooling  water 
flow  rates  of  47.9  to  100.8  kg/sec  on  the  tubeside  were  used. 
Average  cooling  water  bulk  temperatures  ranged  from  118.3  to 
171.1   C.   The  experimental  results  showed  that  for  a  given 
Reynolds  number,  the  friction  factor  for  a  TURBOTEC  tube  is 
from  10  to  15  times  that  of  a  smooth  tube.   On  the  basis  of 
bundle  performance,  the  heat  transfer  rate  was  increased  by 
a  factor  of  2.5  comparing  the  TURBOTEC  tubes  to  smooth  tubes. 
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Young,  Withers  and  Lampert  [4]  conducted  bundle  comparison 
tests  of  smooth  tubes  to  KORODENSE  tubes  manufactured  by  the 
Wolverine  Tube  Division  of  Universal  Oil  Products  (UOP). 
Two  sizes  of  tubes  were  tested:  15.9  mm  outside  diameter 
copper  tubes  and  25.4  mm  outside  diameter  90-10  copper- 
nickel  tubes.   Tubes  were  tested  in  a  bundle  configuration 
with  three  vertical  rows,  with  either  1  to  9  or  1  to  7  tubes 
per  vertical  row.   The  middle  row  was  offset  such  that  the 
tubes  formed  an  equilateral  triangular  pitch.   Steam  temper- 
atures of  37.8  C  and  100  C  were  used  for  the  tests.   Cooling 
water  velocity  through  each  tube  was  varied  from  about 
0.91  m/sec  to  1.98  m/sec.   Under  isothermal  conditions,  the 
tubeside  pressure  drop  for  the  KORODENSE  tubes  was  five 
times  that  of  the  smooth  tubes  for  both  sizes  of  tubes.   The 
inside,  water-side,  heat  transfer  coefficient  for  the  25.4  mm 
KORODENSE  tube  was  2.2  times  that  of  the  smooth  tube,  while 
the  15.9  mm  KORODENSE  tube's  value  was  2.7  times  that  of  the 
smooth  tube.   Enhancement  of  the  outside,  steam-side,  heat 
transfer  coefficient  showed  a  30  to  40  percent  increase  over 
that  of  a  smooth  tube.   Catchpole  and  Drew  [5]  conducted  tests 
on  five  radially  grooved  tubes.   In  these  tests,  steam  was 
supplied  at  13.79  kPa  and  the  cooling  water  velocity  was 
maintained,  at  3.05  m/sec.   The  tubes  could  either  be  tested 
in  a  single  tube  arrangement  or  as  a  bundle.   All  heat 
transfer  coefficients  and  friction  factors  were  calculated 
as  if  the  tube  being  tested  were  a  standard  plain  tube.   All 
five  tube  geometries  tested  yielded  a  combined  improvement  of 
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approximately  40  percent  in  the  overall  heat  transfer 
coefficient  when  compared  to  a  smooth  tube.   The  percentage 
increase  in  the  friction  factor  of  the  test  tubes  over  a 
smooth  tube  ranged  from  33  percent  to  264  percent. 

Newson  and  Hodgson  [6]  condensed  steam  at  atmospheric 
pressure  on  single  vertical  tubes.   Combs  [7]  conducted 
tests  on  a  single  vertical  fluted  tube  for  ammonia  conden- 
sation.  Tests  on  single  vertical  fluted  tubes  were  conducted 
also  by  Combs,  Mailen  and  Murphy  [8]  utilizing  six  different 
f luorocarbons  and  one  hydrocarbon  as  the  working  fluids. 

In  order  to  allow  for  comparison  of  enhanced  tube  types 
with  a  single  apparatus  under  identical  conditions,  and 
alleviate  the  confusion  of  attempting  to  compare  results 
obtained  under  widely  varying  test  procedures  and  physical 
environments,  a  test  facility  was  designed  and  initial  con- 
struction begun  by  Beck  [9]  at  the  Naval  Postgraduate  School 
that  permits  testing  of  a  single,  horizontally  mounted  con- 
denser tube  in  a  dummy  tube  bundle  matrix.   Completion  of 
construction  and  testing  of  this  condenser  was  done  by 
Pence  [10].   Pence's  tests  on  a  smooth  copper-nickel  tube 
indicated  that  the  facility  was  technically  sound.   Using 
this  facility,  Reilly  [ll]  conducted  tests,  on  enhanced  tubes 
manufactured  by  General  Atomic  Company.   Three  General  Atomic 
spirally  fluted  aluminum  tubes  with  an  outside  diameter  of 
15.9  mm  were  tested.   Each  tube  had  a  different  helix  angle 
of  30,  45  and  60  degrees-.   Steam  at  a  pressure  of  20.7  kPa 
was  supplied  to  the  test  condenser.   The  enhanced  tube  was 
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cooled  by  water  on  the  inside  at  velocities  of  0.91  to  7.62 
m/sec.   Friction  factor  increases  of  10  times  that  for  a 
smooth  tube  were  observed.   The  overall  heat  transfer  coef- 
ficient of  the  enhanced  tubes  was  as  much  as  1.75  times  the 
corresponding  smooth  tube  value  for  the  same  mass  flow  of 
cooling  water.   Inside  heat  transfer  coefficients  were 
observed  to  increase  by  about  a  factor  of  3  while  the  outside 
heat  transfer  coefficients  decreased  by  10  to  29  percent  when 
compared  to  smooth  tube  values.   Reilly's  tests  of  smooth 
copper-nickel  and  aluminum  tubes  confirmed  the  results  of 
Pence,  and  his  work  with  General  Atomic  tubes  provided  the 
basis  for  further  experiments  with  enhanced  tubes. 

B.   GOALS  OF  THIS  WORK 

The  purpose  of  this  thesis  was  then: 

1.  to  determine  the  heat  transfer  and  pressure  drop 
performance  characteristics  of  four  different  spirally  fluted 
TURBOTEC  tubes  manufactured  by  Spiral  Tubing  Corporation, 

2.  to  determine  the  heat  transfer  and  pressure  drop 
performance  characteristics  of  five  different  spirally  cor- 
rugated KORODENSE  tubes  manufactured  by  Wolverine  Tube  Divi- 
sion of  Universal  Oil  Products,  Incorporated, 

3.  to  compare  each  type  of  enhanced  tube's  performance  to 
smooth  tube  operation  and  to  results  of  other  research  efforts 
on  similarly  enhanced  tubes, 

4.  to  estimate  if  any  of  these  tubes  would  be  suitable 
for  naval  condenser  use,  and 


5.   to  identify  what  geometrical  tube  design  parameters 
may  be  important  in  enhancing  the  overall  heat  transfer 
coefficient. 


II.   EXPERIMENTAL  FACILITY 

A.  TEST  FACILITY 

The  test  facility  is  seen  in  Figure  1.   As  mentioned 
earlier,  the  layout  was  designed  by  Beck  [9]  and  built  and 
tested  by  Pence  [10].   Operational  tests  of  enhanced  tubes 
manufactured  by  the  General  Atomic  Company  were  conducted  by 
Reilly  [ll].   A  detailed  description  of  the  components  used 
in  the  various  systems  may  be  found  in  these  reports.   Only 
a  general  description  of  the  various  systems  will  be  found 
within  this  report.   Particular  attention  however  will  be 
focused  on  the  experimental  tubes,  their  construction  and 
their  location  within  the  test  section.   Calibration  pro- 
cedures for  components  requiring  calibration  are  outlined 
by  Reilly  [ll]. 

B.  STEAM  SYSTEM 

The  steam  system  is  shown  in  Figure  2.   The  boiler  is  an 
electrically  heated  Fulton  Boiler  which  produces  saturated 
steam  at  45.4  kg/hr.   The  steam  leaves  the  boiler  via  a  19.1  mm 
diameter  line  and  the  boiler-isolation  valve  (MS-1).   The  water 
contained  in  the  steam  is  removed  by  the  steam  separator.   The 
steam  continues  through  the  system  past  a  flowmeter  and  through 
the  throttle  valve  (MS-3)  where  the  pressure  is  reduced.   The 
steam  next  passes  through  the  desuperheater  wherein  water  from 
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the  feed  system  is  injected  in  order  to  remove  some  of  the 
sensible  heat  from  the  steam.   The  steam  continues  into  the 
test  condenser  where  part  of  it  is  condensed  on  the  test  tube. 
The  steam  not  condensed  is  collected  in  the  vapor  outlet  and 
sent  to  the  secondary  condenser  wherein  the  latent  heat  of 
vaporization  is  removed.   If  the  boiler  fails,  steam  may  be 
provided  via  the  house-steam-cross-connect  valve  (MS-2). 
Steam  could  be  routed  around  the  test  condenser  to  the 
secondary  condenser  via  the  bypass  valve  (MS-4).   All  steam 
lines  (except  the  section  downstream  of  MS-3,  see  [10])  were 
insulated  with  25.4  mm  thick  fiberglass  insulation. 

C.   TEST  CONDENSER 

The  test  condenser  is  shown  in  Figures  3,  4,  and  5.   Steam 
enters  via  the  top.   It  then  passes  through  the  expansion 
section  over  the  baffle  separators,  and  through  three  layers 
of  150  mesh  screen  and  a  flow  straightener  into  the  tube 
bundle.   The  condensate  collects  at  the  bottom  of  the  test 
condenser  where  it  flows  through  two  12.7  mm  diameter  lines 
to  the  hotwell. 

The  viewing  windows,  shown  in  Figure  3  and  Figure  4,  allow 
viewing  of  the  condensation  process.  Two  types  of  pyrex  glass 
windows  were  used.  One  type  was  a  standard  pyrex  glass  plate 
12.7  mm  thick.  The  second  type  of  window  was  an  Owens-Corning 
pyrex  glass  with  a  transparent  electrically  conducting  coating 
applied  over  one  surface.   A  Lambda  power  supply  set  at  20  VDC 
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and  2.2  Amp  was  used  with  this  window  to  supply  power  to  the 
electrically  conducting  surface  to  minimize  fogging  effects. 

The  tube  sheet  arrangement  is  as  seen  in  Figure  5.  There 
are  eight  15.9  mm  OD,  18  gauge,  90-10  copper-nickel  tubes 
arranged  in  a  typical  condenser  configuration,  with  a  spacing 
to  diameter  ratio  (S/D)  of  1.5,  around  a  single  test  tube. 
The  test  tube  is  the  only  tube  with  water  passing  through  it. 
This  arrangement  was  selected  to  best  simulate  the  steam  flow 
conditions  in  an  actual  condenser. 

The  test  condenser  is  insulated  with  a  51  mm  thick  sheet 
of  Johns-Manville  Aerotube  insulation. 

D.   CONDENSATE  AND  FEEDWATER  SYSTEMS 

The  condensate  and  feedwater  systems  are  shown  in  Figure  6. 
The  test  condenser  hotwell  collects  the  condensate  from  the 
test  tube,  while  the  secondary  condenser  hotwell  collects  the 
condensate  from  the  secondary  condenser.   Valve  C-l  allows 
isolation  of  the  test  condenser  hotwell  so  the  condensate  mass 
from  the  test  condenser  may  be  measured.   Valve  C-4  is  a  vent 
valve  between  the  test  condenser  hotwell  and  the  test  condenser. 
The  condensate  is  pumped  from  the  hotwells  to  the  feedwater 
tank  by  the  condensate  pump.   The  feed  pump  routes  the  water 
from  the  feed  tank  to  the  boiler  via  the  solenoid-controlled 
valve  FW-3,  a  hot-water  filter,  and  the  boiler-isolation 
valve,  FW-4. 

The  feedwater  temperature  is  maintained  between  54.4  C  and 
60.0  C  by  thermostat  controlled  heaters.   This  reduces 


fluctuations  in  the  boiler  output  and  provides  a  source  of 
water  at  a  temperature  near  saturation  for  the  desuperheater . 

If  house  steam  is  used,  the  condensate  is  returned  to  the 
house  system  via  C-3. 

The  condensate  lines  are  insulated  with  19.1  mm  thick 
Johns-Manville  Aerotube  insulation.   The  feedwater  lines  are 
insulated  with  12.7  mm  thick  fiberglass  insulation. 

E..  COOLING  WATER  SYSTEM 

The  cooling  water  system  is  a  partially-closed  system  as 
shown  in  Figure  7.   The  water  is  pumped  from  the  supply  tank 
via  a  5.6  kw  pump.   The  water  is  routed  to  the  test  tube  via 
one  of  two  rotameters.   A  low  flow  rotameter  allows  up  to 
5.6  £/m  to  flow  through  the  test  tube,  while  a  high  flow 
rotameter  permits  up  to  71.2  Z/m.      The  water  returns  to  the 
supply  tank  via  a  dry  cooling  tower.   The  dry  cooling  tower 
was  constructed  using  four  large  plate/fin  radiators  connected 
in  series.   The  water  was  directed  through  the  radiators  and 
outside  air  was  forced  over  the  cooling  surface  by  a  centri- 
fugal fan. 

The  bypass-rotameter,  downstream  of  CW-C,  is  provided  to 
permit  an  increased  volume  of  water  to  flow  through  the 
cooling  tower. 

The  system  piping  was  reduced  from  25.4  mm  to  15.9  mm 
diameter  (approximate  OD  of  all  test  tubes)  at  a  distance  of 
approximately  0.76  m  ahead  of  the  test  condenser  to  insure 
fully  developed  flow  at  the  test-tube  entrance.   Pressure  taps 


were  installed  in  the  permanent  piping  at  the  ends  of  the  test 
tube  (see  Figure  8)  to  permit  the  measurement  of  the  overall 
pressure  drop. 

The  cooling  water  lines  were  insulated  with  25.4  mm  thick 
Johns-Manville  Aerotube  insulation. 

F.   SECONDARY  SYSTEMS 

1.  Vacuum  System 

The  vacuum  in  the  test  condenser  is  maintained  by  a 
mechanical  vacuum  pump  and  a  vacuum  regulator  which  induces 
an  air  leak  into  the  vacuum  line.   A  cold  trap  at  the  inlet  of 
the  vacuum  pump  forces  incoming  vapor  to  pass  over  a  system  of 
refrigerated  copper  coils.   This  is  to  remove  entrained  water 
from  the  vacuum  line  and  prevent  moisture  contamination  of 
the  vacuum  pump  oil.   The  vacuum  pump  outlet  is  vented  through 
a  roof  exhaust  fan  to  avoid  a  health  hazard  from  breathing  any 
oil  vapor  that  may  be  exhausted  by  the  pump. 

2.  Desuperheater 

The  desuperheater  removes  sensible  heat  from  the 
superheated  steam  by  injecting  feed  water  at  about  60  C.   The 
feedwater  flow  into  the  desuperheater  is  controlled  by  valve 
DS-1  and  measured  by  a  rotameter.   The  excess  water  is  col- 
lected in  a  tank,  located  below  the  desuperheater,  and  returned 
to  the  feedwater  tank  periodically  during  the  experimental  runs. 
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G.   INSTRUMENTATION 

1.  Flow  Rates 

Fulton  rotameters  were  used  to  measure  the  flow  rate 
of  water  in  the  cooling  water  system  and  the  desuperheater , 
while  an  Ellison  Annubar  and  a  differential  water  manometer 
were  used  to  determine  steam  flow. 

2.  Pressure 

Several  different  types  of  pressure  measurement 
devices  were  used  in  this  facility.   They  were:  a  Bourdon 
tube  pressure  gauge  which  was  used  to  measure  boiler  pressure, 
a  compound  gauge  which  was  used  to  measure  the  secondary 
condenser  pressure,  an  absolute  pressure  transducer  and  a 
760  mm  mercury  manometer  which  were  used  to  measure  the  test 
condenser  pressure,  and  a  3.6  m  mercury  manometer  which  was 
used  to  measure  the  cooling  water  pressure  drop  across  the 
test  tube. 

3.  Temperature 

There  were  three  types  of  thermocouples  used  in  this 
facility.   Stainless  steel  sheathed,  copper-constantan  thermo- 
couples were  used  as  the  primary  temperature  monitoring  devices 
Eleven  temperatures  required  for  data  reduction  were  measured 
using  these  devices.   Table  I  lists  the  locations  monitored. 
Figure  2  shows  the  location  of  six  vapor  space  thermocouples. 
Cooling  water  thermocouples  were  located  as  shown  in  Figure  7. 
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Teflon  coated  copper-constantan  thermocouples  were  used  as 
secondary  measuring  devices.   Table  II  lists  the  locations 
monitored  using  these  thermocouples.   An  iron-constantan 
thermocouple  was  used  to  measure  the  boiler  temperature. 

4.   Data  Collection  and  Display 

An  autodata  collection  system  was  utilized  to  record 
and  display  the  temperatures  in  degrees  Celsius  obtained  from 
the  primary  thermocouples  and  to  record  and  display  the  pres- 
sure in  cm  Hg  inside  the  test  condenser.   See  Table  I  for 
channel  numbers  of  the  temperature  monitoring  devices. 

A  28  channel  digital  pyrometer  uas  utilized  to  dis- 
play the  temperatures  obtained  from  the  secondary  thermo- 
couples and  a  single  channel  pyrometer  displayed  the  temperature 
from  the  iron-constantan  thermocouple.   See  Table  II  for 
channel  numbers. 

H.   TEST  TUBES 

The  enhanced  tubes  tested  during  this  study  were  manufac- 
tured by  the  Spiral  Tubing  Corporation,  with  a  trade  name  of 
TURBOTEC,  and  the  Wolverine  Tube  Division  of  Universal  Oil 
Products  (UOP),  with  a  trade  name  of  KORODENSE.   Each  had  an 
overall  length  of  1.22  m  and  an  enhanced  section  of  0.914  m. 
All  were  helically  spiraled  along  the  enhanced  section.   The 
method  of  spiral  development  varied  however  with  manufacturer. 

Four  types  of  TURBOTEC  tubing  were  made  by  the  Spiral 
Tubing  Corporation.   These  tubes  were  three-start,  helically 
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fluted,  with  flute  pitch  determining  tube  type.   All  TURBOTEC 
tubes  were  manufactured  of  copper  (Alloy  122).   The  tubes 
were  formed  by  externally  making  a  set  of  equally  spaced 
dimples  at  one  end  of  a  smooth  tube.   The  number  of  dimples 
determines  the  number  of  flutes  that  will  be  produced.   The 
tube  is  placed  in  a  mandrel  lathe  under  slight  compression 
at  one  end.   As  the  tube  is  twisted,  it  is  allowed  to  draw-in 
on  itself  (self-shorten)  until  the  desired  pitch  is  obtained. 
The  amount  of  self-shortening  determines  tube  pitch. 
Figures  9,  10  and  11  show  close-up  views  of  the  High,  Medium 
and  Low  pitch  tubes  respectively.   The  Variable  pitch  tube 
(not  shown)  varies  in  appearance  from  that  of  a  High  pitch 
tube  at  one  end  to  that  of  a  Low  pitch  tube  at  the  other. 
There  is  no  special  significance  attached  to  the  Variable 
pitch  tube.   It  was  made  simply  to  see  if  tube  pitch  could 
be  changed  during  the  forming  process. 

Two  types  of  KORODENSE  tubing  were  made  by  the  Wolverine 
Tube  Division  of  UOP.   All  tubes  were  single-start  helically 
corrugated  tubes  formed  by  passing  a  rotating  smooth  tube 
under  a  mechanism  designed  to  indent  the  tube  to  the  desired 
groove  depth.   Pitch  is  determined  by  the  rate  at  which  the 
tube  is  drawn  through  the  grooving  mechanism.   The  deeper 
grooved  tubes  are  designated  as  Maximum  Heat  Transfer  (MHT) 
tubes.   Shallower  grooved  tubes  are  designated  as  Low  Pressure 
Drop  (LPD)  tubes.   Three  MHT  tubes  were  made:  one  of  90/10 
Copper-Nickel,  one  of  3003-Aluminum  and  one  of  commercially 
pure  Titanium.   Two  LPD  tubes  were  made:  one  of  90/10  Copper- 
Nickel  and  one  of  3003-Aluminum.   Figures  12,  13  and  14  show 
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close-up  views  of  the  90/10  Copper-Nickel-MHT,  the  3003- 
Aluminum-MHT  and  the  Titanium-MHT  respectively. 

A  summary  of  all  tubes  tested  is  provided  in  Table  III. 
Special  characteristics  of  the  TURBOTEC  and  KORODENSE  tubes 
are  listed  in  Table  IV. 
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III.   EXPERIMENTAL  PROCEDURES 

A.   INSTALLATION  AND  OPERATING  PROCEDURES 
1.   Preparation  of  Condenser  Tubes 

Thermocouples  were  installed  on  each  tube  to  measure 
the  wall  temperature.  TURBOTEC  tubes  have  a  larger  diameter 
along  the  enhanced  section  than  along  their  smooth  ends,  and 
required  different  installation  procedures  than  KORODENSE 
tubes  whose  outside  diameter  is  not  changed  by  the  enhance- 
ment process.  Standardized  procedures  given  by  Reilly  [11 ] 
were  followed  for  thermocouple  mounting  and  tube  installation. 

Prior  to  any  run,  the  condenser  tubes  had  to  be  pre- 
pared to  insure  filmwise  condensation.   Exterior  and  interior 
surfaces  were  cleaned  to  insure  proper  wetting  characteristics 
and  to  insure  that  all  deposits  were  removed.   Copper  and 
copper-nickel  tubes  were  prepared  in  accordance  with  the 
procedure  given  in  Pence  [10].   Aluminum  tubes  were  prepared 
in  accordance  with  the  procedure  given  in  Reilly  [ll].   To 
clean  and  prepare  the  titanium  tube,  a  chemical  cleaning 
procedure  was  used  which  was  a  modification  of  a  procedure 
used  in  descaling  titanium  prior  to  acid  pickling  [12].   The 
steps  in  this  cleaning  process  are  as  follows: 

a.  Swab  tube  surface  with  acetone  to  remove  grease. 

b.  Using  a  1.91  cm  test  tube  brush,  brush  the  inside 
surface  of  the  tube  with  a  50  percent  sulfuric 
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acid  solution.   Also  apply  this  solution  to  the 
outside  surface  of  the  tube. 

c.  Rinse  inside  and  outside  of  tube  with  tap  water. 

d.  Apply  a  50  percent  solution  of  sodium  hydroxide 
(heated  to  95  C)  to  the  outside  surface  of  the 
tube. 

e.  Rinse  the  tube  with  tap  water. 

f.  Rinse  thoroughly  with  distilled  water. 

2.   System  Operation  and  Steady  State  Conditions 

Pence  [10]  developed  and  Reilly  [ll]  modified  a  de- 
tailed set  of  operating  procedures  for  this  system.   They 
are  included,  with  minor  changes,  in  this  report  as  Appendix  A. 

In  general  it  takes  about  three  hours  from  initial 
light  off  until  steady  state  conditions  are  established.   The 
feedwater  is  heated  up  to  60  C  by  energizing  the  feed  tank 
heaters  and  recirculating  the  feedwater.    After  instal- 
lation of  the  test  tube  is  complete,  the  vacuum  system  can  be 
activated.   The  data  collection  system  is  programmed,  includ- 
ing setting  the  date  and  time  in  accordance  with  reference 
[13].   The  cooling  water  system  is  placed  in  operation.   The 
71.2  l/m   rotameter  is  set  at  about  50  percent  flow  to  allow 
adequate  venting  of  both  legs  of  the  3.66  meter  manometer. 
The  rotameter  is  then  reset  to  the  lowest  flow  point  for 
system  operation.   The  steam  system  can  now  be  placed  into 
operation. 
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Steady  state  conditions  must  be  established  prior  to 
data  collection.   To  determine  this,  two  parameters  were 
monitored.   They  were  the  cooling  water  inlet  temperature 
and  the  steam  vapor  temperature.   The  cooling  water  inlet 
temperature  did  not  rise  more  than  0.6  C/hr.   The  steam  vapor 
temperature  did  not  vary  more  than  3.3  C  between  the  six 
vapor  thermocouples  in  the  condenser  or  did  the  change  in 
temperature  at  an  individual  thermocouple  exceed  0.3  C/min. 
The  steaming  conditions  and  cooling  water  flow  conditions 
remained  constant  while  establishing  steady  state  conditions. 
The  time  for  the  system  to  stabilize  was  generally  about  one 
hour  which  is  in  agreement  with  that  reported  by  Reilly  [ll]. 

3.   Maintenance  Procedures 

Periodically,  the  systems  required  various  forms  of 
maintenance.   Following  each  run,  the  boiler  received  two 
bottom  blow  downs  to  remove  any  sediment  that  may  have  settled. 
The  supply  tank  in  the  cooling  water  system  required  occasional 
refilling.   Treated  tap  water  which  ran  through  a  commercially 
rented  resin  bed  was  used  to  reduce  the  amount  of  contaminants 
in  the  water  that  could  deposit  on  the  tubes.   The  filter  in 
the  feedwater  required  changing  approximately  every  three 
months  to  prevent  low  boiler  levels  due  to  lack  of  feedwater. 
The  condenser  glass  window  required  cleaning  after  approxi- 
mately five  runs.   This  was  true  whether  using  the  heated 
glass  or  the  standard  pyrex  glass.   Prior  to  reinstalling 
the  pyrex  glass,  a  light  coating  of  Glycerol  Reagent 


ACS  HOCH2CHOHOH2OH ,  was  applied  to  the  inside  surface  to 
enhance  the  viewing  of  the  condensation  process. 

B.   DATA  REDUCTION  PROCEDURES 

Data  obtained  in  this  thesis  were  evaluated  using  the 
smooth  inside  diameter  as  the  characteristic  flow  dimension. 
This  method  presents  the  data  in  such  a  way  as  to  make  it 
useful  to  the  designer.   The  data  was  not  reduced  in  terms 
of  a  conventional  hydraulic  diameter  because  of  the  widely 
different  geometrical  shapes  of  the  tubes  and  the  correspond- 
ing difficulty  in  measuring  such  a  hydraulic  diameter. 
Furthermore,  there  is  recent  evidence  that  a  modified  hydraulic 
diameter  may  be  more  appropriate  in  describing  heat  and  mo- 
mentum transfer  in  turbulent  flow  than  the  conventional 
hydraulic  diameter  defined  as  4  Ac/Pw  [14]. 

As  mentioned  above,  to  meet  the  condenser  designer's 
needs,  it  was  felt  that  the  data  should  be  reduced  using  the 
smooth  end  diameter  following  the  procedure  of  Reilly  [11 ]. 
This  would  allow  a  direct  substitution  of  an  enhanced  tube 
for  a  smooth  tube  and  is  especially  important  when  consider- 
ing the  comparison  of  a  wide  variety  of  tube  types.   In  addi- 
tion, a  nominal  area  was  defined.   The  nominal  area  was  based 
on  the  outside  surface  area  of  a  15.9  mm  OD  smooth  tube. 

Appendix  B,  the  sample  calculations,  is  a  complete  list- 
ing of  the  equations  used  to  evaluate  the  data.   Appendix  C 
is  a  derivation  of  the  probable  error  in  the  data  reduction 
equations,  followed  by  a  sample  error  analysis  for  the 
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KORODENSE  Copper-Nickel-MHT  tube,  (No.  K-2),  Run  12. 
1 .   Overall  Heat  Transfer  Coefficient 

The  method  employed  to  arrive  at  the  overall  heat 
transfer  coefficient  is  straightforward  and  similar  to  that 
employed  by  many  researchers  in  the  past. 

The  heat  transfer  rate  to  the  cooling  water  is 
given  by 

Q   =   m  cp  (TcQ  -  Tc.)  .  (1) 

The  heat  transfer  rate  can  also  be  found  from  the  overall 
heat  transfer  coefficient  by 


Q   =   U   A   LMTD     ,  (2) 

n   n 

where 

(T   -  Tc. )  -  (T   -  Tc  ) 

LMTD   =  — 1 i- —? 21    .  (3) 

T   -  Tc. 
In  (    _  Tc  ) 
V      o 

After  combining  equations  (1),  (2)  and  (3)  it  is  found  that 


m  c         T   -  Tc. 
U   =  E   In   («2 _-I)   .  (4) 

An         Tv   Tco 

A  schematic  illustration  of  the  procedures  to  arrive  at  U   is 

n 

shown  in  Figure  15. 

To  remove  the  effect  of  the  tube  wall  material,  a 
corrected  heat  transfer  coefficient  is  found  from 
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uc  -  x^:    '  (5) 

Un  "  Rw 
where  R   is  the  calculated  wall  resistance. 

2.   Inside  Heat  Transfer  Coefficient 

The  Nusselt  number  on  the  inside  is  found  from  the 
Sieder  Tate  relationship,  found  in  Holman  [15]  as: 

v      hiDi     n     r,  0.8  n  1/3  .     .      .0.14      ,r. 
Nu   =   -s- —  =   C.  Re    Pr  '   (u/u  )     •     (6) 

Kb       1  w 

With  this  well-known  correlation,  all  fluid  properties  are 
evaluated  at  the  average  bulk  temperature  of  the  cooling 

water.   The  effect  of  the  wall  temperature  is  only  felt  by  a 

0  14 
viscosity  ratio  (u/u  )  '   .   In  the  above  equation,  C.  is 

W  1 

referred  to  as  the  Sieder  Tate  coefficient  which  is  normally 

expressed  as  between  0.023  -  0.027  for  smooth  tubes.   The 

remainder  of  the  right  hand  side  of  the  above  equation 

(Re  '   Pr  '  (u/u  )  '   )  will  be  referred  to  as  the  Sieder 

Tate  parameter,  and  the  procedure  for  arriving  at  this  value 

is  illustrated  schematically  in  Figure  16.   The  Wilson  plot 

is  used  to  arrive  at  the  value  of  the  Sieder  Tate  coefficient. 

The  Wilson  plot  was  developed  in  1915  by  Wilson  [16],  and  has 

been  modified  by  several  researchers  since.   The  procedure 

used  in  this  research  was  developed  by  Briggs  and  Young  [17]. 

The  Wilson  plot  is  merely  a  plot  of  1/U   versus  the 

inverse  of  the  Sieder  Tate  parameter  which  should  be  a 

straight  line  when  varying  the  cooling  water   velocity.   The 

reasoning  behind  the  Wilson  plot  can  be  seen  in  the  following 

development . 
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as: 


The  overall  heat  transfer  coefficient  can  be  written 


un   =  -75 i '  <7> 

tt4-   +  R  +  ir- 

D .  h .     w    h 

1  i         o 


The   inverse   of   equation    (7)    is: 


D 

+   R      +  T^         •  (8) 


U  D.h.  w        h 

nil  o 

If  (R  +  t— )  is  assumed  to  be  constant,  and  equation  (6)  is 
o 


solved  for  h.  in  terms  of  the  Sieder  Tate  parameter,  equation 


(8)  can  be  rewritten  as: 

D 

'n  Ji~i. 


-L     =     ^|_     Re"0'8  PT-V3   (u/ywr0-14  +  B   ,      (9) 


where   B      R   +  -r—  =   constant. 

w   h 
o 

The  form  of  equation  (9)  is  then  exactly  that  of  a  straight 

line, 

Y  =   MX  +  B   ,  (10) 
where: 

Y  -  ~-   ,  (10a) 

n 

Sieder  Tate  parameter  '  *■ 

D 
M   =  ^-|-   .  (10c) 

i  b 

The  values  of  1/U   and  the  Sieder  Tate  parameter  are 

n 

obtained  by  varying  the  water  velocity  and  holding  the  other 
parameters,  such  as  water  temperatures,  steam  vapor 
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temperatures  and  condenser  tube  wall  temperature,  nearly 
constant.   When  1/U   is  plotted  versus  Re"  '   Pr~  '  (v/v    )~  " 
a  linear  regression  subroutine  [18]  fits  these  points  to  a 
straight  line  and  then  solves  for  the  slope,  M,  and  the  inter- 
cept, B.   Knowing  the  slope,  M,  the  Sieder  Tate  coefficient 
C-  can  be  found  from  equation  (10c).   The  inside  heat  transfer 
coefficient,  h.,  is  then  found  from  equation  (6). 

Once  the  inside  heat  transfer  coefficient,  h.,  is 

i  ' 

known,  then  the  Nusselt  number  can  be  solved  for  in  equation 
(6),  to  find  the  Stanton  number, 

St   -   Rife  -  ^G    ■  («) 

P 

The  cooling  water  properties  (p,  u,  k,  c  ,  and  Pr) 

XT 

are  solved  for  as  shown  in  Appendix  B.   Appendix  B  also 
demonstrates  the  procedure  for  arriving  at  the  water  viscosity 

evaluated  at  the  condenser  tube  wall,  u  . 

'   w 

3.   Outside  Heat  Transfer  Coefficient 


The  outside  heat  transfer  coefficient,  h  ,  can  now 

'   o' 

be  found  from  equation  (7)  knowing  U  ,  h.  and  R  .   Figure  17 

>*       \/       &ni      w     & 

schematically  illustrates  the  various  steps  outlined  above. 


Friction  Factor 


The  friction  factor  for  the  test  tube  is  found  from: 


(pb)(APTS)(2gc) 
4(LTS/D.)  GJ 


fa  -    ±   :\  a     ■  (12) 
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The  variables  used  in  equation  (12)  are  solved  for  as 
shown  in  Appendix  B,  while  the  inside  diameters  are  listed  in 
Table  III.   AP_C ,  however,  is  reduced  from  the  measured 
pressure  drop  outlined  below. 

APTC,  is  the  pressure  drop  in  the  enhanced  section  of 

the  test  tube.   The  measured  pressure  drop,  AP   as  seen  in 

m 

Figure  8,  is  taken  over  the  entire  tube  length,  a  distance  of 
1.299  m.   Since  the  enhanced  section  is  only  0.914  m  long, 
the  pressure  drop  over  each  of  the  smooth  ends  must  be  sub- 
tracted off  of  the  measured  pressure  drop.   This  is  done  by 
calculating  the  friction  factor  in  the  smooth  ends  using: 

0  079 

fs   =     0  25   f°r  Re  <  30>000   '  <13> 

Re  ' 


or 


0  046 
f    =   U.U4C   fQr  Re  >  30)000   .  (14) 

S      ReU'^ 


The  smooth-end-section  pressure  drops  can  then  be  calculated 

from, 

(f  )(4)(Lq/D.)(G2) 

AP    =  — 2 1 (15) 

(Pb)(2gc) 

The  cross  sectional  flow  area  of  the  enhanced  section 
of  the  test  tube  is  less  than  the  cross  sectional  flow  area 
of  the  smooth  end  of  the  tube.   Therefore,  the  water  undergoes 
an  expansion  and  a  contraction  at  the  exit  and  entrance  to 
the  enhanced  section  of  the  tube.   Associated  with  the  expan- 
sion and  contraction  processes  are  certain  irreversible  losses 
which  cause  additional  pressure  drops  to  occur.   These  pressure 
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drops  must  also  be  subtracted  off  of  the  measured  pressure 
drop  and  are  estimated  following  the  calculational  procedure 
as  shown  in  reference  [19]: 

AP  .  =   pvJL  (K   +  K   )    .  (16) 

e/cn     y   TS  v  e    en  v  ' 

Since  the  variations  in  the  contraction  and  expansion  coef- 
ficients K   and  K   are  slight  over  the  range  of  Reynolds 
en      e        &  6       * 

numbers  used,  an  average  of  these  values  was  used  in  equation 
(16). 

Therefore,  APT„  is  found  using  equations  (15)  and  (16) 

AP„C   =   AP   -  AP   -  AP  ,      ,  (17) 

TS       m     s     e/cn    '  s  ' 

and  the  friction  factor  for  the  test  section  is  solved  for 
in  equation  (12). 

5.   Performance  Criteria 

To  compare  the  enhanced,  or  augmented  tubes  with  the 
smooth  tube,  it  was  necessary  to  use  some  meaningful  perform- 
ance criteria.   The  following  procedures  are  similar  to  those 
outlined  by  Reilly  [11]. 

a.   Colburn  Analogy 

Using  the  Colburn  Analogy,  as  found  in  reference 
[20],  provided  one  such  criterion.   Using  this  analogy,  the 
heat  transfer  performance  is  compared  to  the  friction  factor 
performance  as  seen  by  the  relation: 

j   =   StPr2/3   =   f/2   .  (18) 
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b.   Surface  Area  Ratios 

Bergles  [21]  outlines  several  performance  criteria 
based  on  the  inside  heat  transfer  coefficients  by  solving  for 
the  ratio  of  augmented  to  smooth  tube  surface  areas  while 
holding  various  parameters  constant. 

(1)  External  Resistance  Equal  to  Zero. 

(a)  Constant  Heat  Load  with  Increasing 
Pumping  Power.   If  the  external  thermal  resistance  is  set 
equal  to  zero,  and  the  pumping  power  is  allowed  to  increase, 
one  such  ratio  is  defined  by 


A        V,       KT   /«  1/3,   ,   .0.14 
A      h      Nu  /Pr  '  (u/u  ) 

Q  O  O  '  V  r   t      ^117  ' 


A       h       M   /t.  1/3,  /   ,0.14   '         K^U) 
s      a     Nua/Pr  '    (y/uw) 

This  assumes  that  Q,  m,  D.,  T,  and  LMTD  are  constant,  and 

R   .  =  R  +  l/h„  =  0.   In  equation  (19)  the  augmented  heat 
ext    w    '  o  ^       v   '       & 

transfer  coefficient  h   is  the  value  h.  referred  to  earlier. 

a  i 

In  this  situation,  the  flow  velocities  for  the  smooth  and 
augmented  tubes  are  the  same. 

(b)  Constant  Keat  Load  and  Constant  Pumping 
Power.   The  area  ratio  defined  by  equation  (19)  does  not, 
however,  take  into  account  the  increase  in  pressure  drop  and 
hence  the  increase  in  friction  factor  caused  by  enhancement 
techniques.   The  increase  in  pressure  drop  can  be  included 
when  evaluating  the  performance  of  an  enhanced  tube  compared 
to  that  of  a  smooth  tube.   Bergles  [21]  shows  this  by  defining 
an  area  ratio  for  constant  pumping  power  as  well  as  for  the 
conditions  defined  earlier. 
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The  pumping  power  is  given  by: 

2 

T 
'St 


Wp   =   (p  v  \   D2)  4  f  (h    {■£—)  (20) 


Aa 

3    * 
v      f 

s      s 

Re3  f 
s      s 

As 

3    * 

V        f 

a      a 

Re3  f 
a      a 

=  (a§-)  CtDL)  fv3   , 

where  ttDL  is  the  inside  surface  area  for  the  tube  in  question, 
By  setting  the  pumping  power  of  a  smooth  tube  equal  to  the 
pumping  power  of  an  enhanced  tube,  it  is  found  that: 


(21) 


Notice,  that  in  this  situation  of  constant  pumping  power,  the 
flow  velocities  and  hence  Reynolds  numbers  are  different  for 
the  smooth  and  the  augmented  tube. 

The  heat  flow  rate  is  given  by: 

Q   =   hi  A.  LMTD.    .  (22) 

Since  the  heat  flow  is  also  assumed  to  be  constant  in  both 
the  enhanced  and  smooth  tubes,  the  area  ratio  can  be  found 


A         U  XT    m  1/3,   l    .0.14 

A      h      Nu  /Pr  '  (u/u  ) 


A      h      ..   .„  1/3,  .   .0.14   '        y       } 
s      a     Nua/Pr  '  (u/Uw) 

Equation  (21)  can  now  be  set  equal  to 
equation  (23)  to  show: 


A      Nu  /Pr1/3(y/y  )°-l4      Re3  f 
a   _    s' v  ^'  ^wy s   s 

A      „   ._  1/3,  .   .0.14  ""  -.    3  - 
s     Nu  /Pr  '  (u/u  )         Re   f 
a'        '  w  a   a 
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(24) 


If  Nu   is  replaced  in  the  above  equation  by 
s 

the  Sieder-Tate  relationship  as  found  in  [15]: 

Nu    =   0.027  Re°-8  Pr1/3( y /u  )° ' 14    ,     (25) 

S  o  W 

and  f   is  replaced  by  equation  (14) 

=    -046  (14) 

s      D   0.2  .  ^L*J 

Re 
s 

equation  (24)  can  be  solved  for  the  smooth  tube  Reynolds 

number  in  terms  of  the  augmented  conditions: 


0.027  f   Re3 

Re   =   / ^-^ o-yj   .       (26) 

/  0.046  Nu  /Pr1/o(y/y  )U'i4 


In  these  expressions, 


G  D.      pD.v 
s  i i 

y       y 


Re   =  -^-i  =  — —     ,  and  (27a) 


G  D.      pD.v 

Re   =  -S_i  =  — —     .  (27b) 

a      y        v 

To  find  the  area  ratio,  the  procedure  begins 

by  choosing  a  value  of  Re  .   The  related  quantities  f   and 

a  a 

1/3      0  14 
Nu  /Pr  '  (\i/)Jl    )  "    are  then  found  from  experimental  data. 

Equation  (26)  is  solved  for  Re  ,  and  knowing  Re   and  f   from 

S  So 

equation  (14),  equation  (24)  can  be  solved  for  the  resulting 
area  ratio. 

(2)  External  Resistance  Not  Equal  to  Zero. 

(a)   Constant  Heat  Load  Constant  Pumping 
Power.   Since  a  sizeable  portion  of  the  overall  resistance  in 
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a  naval  condenser  could  be  caused  by  the  wall  resistance  and 
the  outside  thermal  resistance,  the  area  ratios  as  defined 
by  Bergles  [21]  should  be  expanded  to  include  these  external 
resistances.   If  the  heat  flow  is  written  by  equation  (2): 

Q   =   Un  An  LMTD    ,  (2) 

and  a  thin  wall  thickness  is  assumed,  then  the  external 
resistance  effects  on  the  area  ratio  can  be  included  in  the 
analysis.   The  wall  thickness  must  be  assumed  to  be  small 
since  the  nominal  area  is  based  on  an  outside  diameter  of 
15.9  mm. 

Invoking  all  of  the  assumptions  made  earlier, 
then  the  results  of  the  constant  pumping  power  case  are  again 


A      v3  f 

A       3  .  kZl) 

S       V  f 

a   a 


A 

U 

a 

s 

A 

U 

s 

a 

In  addition,  constant  heat  flow  results  in: 


(28) 


As  before,  these  two  area  ratios  can  be  set  equal,  and  it  is 
found  that : 

A      U      v3  f 

A       U        3  ,  ^y; 

s      a     v  f 
a   a 

As  mentioned  by  Search  [1]  ,  for  smooth  tubes,  it  is  found  in 

general  that  the  overall  heat  transfer  coefficient  can  be 
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correlated  by: 


Us      =      C    ^      =      F1F2F3C'     ^  <30> 


where 


C   =   empirically  determined  coefficient 

F^   =  cleanliness  correction  factor 

F2   =  material  correction  factor 

Fg   =  inlet  water  correction  factor. 

Therefore,  C  is  a  coefficient  which  varies  with  tube  size, 

material  and  water  inlet  temperature.   Also,  from  equation 

(14),  it  is  known  that 

m         .046 
s     „   0.2  ^x*; 

Res 

When  equations  (14)  and  (30)  are  substituted  into  equa- 
tion (29),  together  with  the  use  of  equation  (27a),  the  smooth 
tube  velocity  can  be  found: 


v 
s 


f   v3  C     pD 
a   a 


(Ua)(.046 


-  (— i)1/5 


2*3    .        (31) 


To  find  the  area  ratio,  the  procedure  begins  by  choosing  a 

value  of  v  .   The  related  values  of  U   and  f   are  found  from 
a  a      a 

experimental  data.   Equation  (31)  is  then  solved  for  v   and  this 

value  is  used  in  equation  (30)  to  find  U  .   Equation  (29)  is 

s 

then  solved  for  the  area  ratio. 

In  selecting  the  values  of  the  constants  to  substitute 
into  equation  (31),  the  following  procedures  were  utilized: 

(1)   U  was  corrected  to  21.1°C  coolant  inlet 
temperature  using  the  procedure  defined  in  reference  [22], 
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(2)   C  was  determined  by  using  the  values  of  U 
and  v   for  the  smooth  copper-nickel  tube  in  Run  7,  and 
solving  for  C  in  equation  (30)  with  application  of  correction 
factors  defined  in  reference  [22].   The  value  for  C  was  not 
a  constant  over  the  range  of  flows  observed;  therefore,  an 
average  volue  of  C  =  2883  was  computed  and  used.   As  mentioned 
above,  C  varies  for  a  given  tube  size,  material  and  water 
inlet  temperature.   The  related  correction  factors  obtained 
from  reference  [23]  were  applied  to  the  above  value  of  C  as 
shown  in  Appendix  B,  the  sample  calculations. 

(3)   The  dynamic  viscosities  used  were  obtained 
in  the  data  reduction  program  at  each  flow  point. 

The  area  ratio  equations  were  added  to  the  data 
reduction  program.   The  values  obtained  above  using  both 
equations  (24)  and  (29)  appear  in  the  table  of  results  for 
each  tube. 

6.   Data  Reduction  Computer  Program 

An  existing  computer  program  of  Reilly  [11]  for 
reduction  of  data  was  modified  to  include  the  area  ratio 
equations  (24)  and  (29),  and  to  convert  the  results  to  SI 
units.   Details  of  the  program  may  be  found  in  Reilly  [11]. 
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IV.   RESULTS  AND  DISCUSSION 

A.   INTRODUCTION 

Table  III  lists  the  various  runs  made  and  the  corresponding 
tubes  used  during  these  tests.   Table  IV  lists  special  char- 
acteristics of  the  TURBOTEC  and  KORODENSE  tubes.   Tables  V 
through  XVII  contain  all  the  raw  data  used  to  evaluate  the 
performance  of  the  enhanced  and  smooth  tubes. 

In  Table  III  it  can  be  seen  that  all  runs  for  tubes  K-l 
through  K-5  were  data  runs.   Run  10  for  tube  K-3  was  not  a 
full  data  run  as  the  thermocouple  measuring  tube  wall  temp- 
erature detached  about  halfway  through  the  run.   Therefore, 
the  thermocouple  was  reattached  and  the  tube  was  retested 
during  run  13. 

Tube  T-l  was  initially  run  solely  for  practice  of  system 
operation  and  not  for  data.   Run  4  was  the  data  run  for  tube 
T-l,  while  runs  18  and  19  were  performed  to  take  movies  of 
the  alternate  flooding  and  draining  phenomena  of  the  conden- 
sate.  Similar  movies  were  taken  to  compare  this  tube  to 
tubes  T-3a  and  T-3b. 

Tube  T-2  was  observed  to  vibrate  visually  and  audibly  at 
its  maximum  cooling  water  flow  rates.   Tube  T-3a  was  also 
observed  to  vibrate  during  data  run  6.   The  onset  of  vibration 
of  tube  T-3a  occurred  at  much  lower  cooling  water  flow  rates 
than  for  tube  T-2.   Run  16  was  conducted  to  take  movies  of 
this  phenomena.   Movies  were  made  with  varying  cooling  water 
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flow  rates  through  the  tube  to  observe  the  initiation  of 
tube  vibration.   This  was  done  both  with  and  without  steam 
condensing  on  the  tube.   Vibration  was  observed  to  begin 
visually  at  a  cooling  water  velocity  of  about  1  m/sec  when 
steam  was  not  supplied  to  the  condenser.   With  steam  supplied 
however,  vibration  was  not  visually  detectable  until  veloci- 
ties of  about  3  m/sec.   This  was  felt  to  be  due  to  the  damping 
effect  of  the  added  mass  of  the  condensate  flooding  the  tube 
grooves.   Audible  evidence  of  the  vibration  was  heard  both 
with  and  without  steam  supplied  to  the  condenser  at  cooling 
water  velocities  of  about  1.8  m/sec  and  above. 

It  was  decided  to  run  the  Low  Pitch  TURBOTEC  (T-3b)  with 
additional  supports  to  see  if  the  vibration  could  be  con- 
trolled, and  to  observe  the  effect  on  tube  performance.   For 
run  17  the  1  meter  active  length  of  the  tube  was  supported 
by  two  circular  braces  equally  spaced  such  that  the  active 
length  was  reduced  to  three  equal  lengths  of  1/3  meter  each. 
Again,  during  this  run,  movies  were  made  of  the  condensation 
process.   No  vibration  was  observed  either  visually  or  audibly. 
Copies  of  the  16  mm  movie  film  showing  the  vibration  phenomena, 
both  with  and  without  condensation  taking  place,  are  available 
on  request . 

Figures  18  and  19  also  illustrate  the  phenomena  mentioned 
above.   As  a  note  of  clarification,  the  reader  may  wish  to 
refer  to  Figure  5  while  studying  Figures  18  and  19.   The 
pictures  are  views  upward  between  the  smooth  dummy  half-tube 
and  the  smooth  dummy  whole  tube  below  it,  such  that  the 
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bottom  of  the  enhanced  tube  can  be  seen  just  below  the  smooth 
dummy  half-tube.   Figure  18  shows  condensation  on  tube  T-3a. 
The  cooling  water  velocity  is  3  m/sec.   A  drop  of  condensate 
can  be  seen  falling  off  the  tube  on  the  left  side  of  the 
photograph.   On  the  right  side,  the  condensate  can  be  seen 
to  be  building  up  to  form  a  drop.   Notice  that  all  grooves  are 
flooded  with  condensate.   It  was  also  observed  that  the  con- 
densate on  the  tightly  pitched  tube  T-3  dropped  off  of  the  tube 
between  the  flute  tips.   In  contrast  to  this,  condensate  on 
the  longer  pitched  tube  T-l  was  observed  to  begin  drop  growth 
in  the  groove  space  between  flute  tips,  but  as  the  drop  grew 
in  size  it  would  slide  over  and  drop  off  of  the  flute  tip. 
This  phenomena  is  easily  observed  in  the  16  mm  movie  film, 
mentioned  earlier,  and  the  reader  is  urged  to  request  a  copy 
of  this  film  if  further  study  is  desired.   Figure  19  shows  a 
view  of  condensate  on  tube  T-3a  with  a  higher  cooling  water 
velocity  of  4  m/sec.   The  light  reflections  off  the  surface 
of  the  condensate  in  the  figure  are  due  to  surface  ripples  on 
the  condensate  from  the  vibration. 

Tubes  S-l  and  S-2  were  smooth  tubes  run  to  ensure  that 
earlier  experimental  results  for  smooth  tubes  could  be 
duplicated.   Run  2  for  tube  S-la  was  conducted  without  pro- 
perly cleaning  the  outside  of  the  tube,  leaving  it  with  a 
stained  appearance.   This  tube  is  designated  as  "fouled"  in 
Table  III.   For  run  7,  the  tube  was  properly  prepared  in 
accordance  with  the  procedure  outlined  by  P.ence  [10],  and  this 
tube,  S-lb,  is  designated  as  "clean"  in  Table  III.   Tube  S-2 
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was  an  additional  smooth  tube  picked  at  random  from  a  lot 
of  tubes  manufactured  by  Alaskan  Copper  Works.   This  tube 
was  observed  to  have  a  surface  that  appeared  to  have  roller 
marks  from  the  manufacturing  process,  giving  it  a  "rippled" 
look,  and  is  designated  as  such  in  Table  III.   The  ripples 
were  measured  to  be  about  a  maximum  of  0.03  mm  in  depth.   It 
should  be  noted  that  this  tube  is  not  an  enhanced  tube,  and 
was  tested  to  see  if  the  roller  marks  would  have  an  effect 
on  the  tube's  performance  when  compared  to  the  other  smooth 
tubes  mentioned  above. 

Tube  GA-2  was  a  tube  manufactured  by  General  Atomic 
Company  and  was  one  of  the  tubes  tested  by  Reilly  [ll].  This 
tube  was  re-run  here  as  run  3  which  was  performed  for  further 
practice  in  system  operation  and  to  gain  a  few  data  points  to 
confirm  the  reproducibility  of  his  results. 

The  computer  results  of  all  data  runs  are  provided  in 
Tables  XVIII  through  XXX. 

B.   SMOOTH  TU3E  RESULTS 

Comparative  plots  of  smooth  tube  parameters  are  provided 
in  Figures  20  through  25.   Figure  20  shows  that  the  corrected 
overall  heat  transfer  coefficient  versus  cooling  water  mass 
flow  rate  of  all  the  smooth  tubes  matches  the  results  of 
Reilly  [ll]  within  an  uncertainty  of  ±7  percent.   The  varia- 
tion of  the  corrected  overall  heat  transfer  coefficient  for 
tube  S-la  "fouled"  is  related  to  the  variance  of  the  outside 
heat  transfer  coefficient  seen  by  comparing  the  results 
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shown  in  Tables  XVIII  and  XIX.   The  reason  for  this  variance 
in  the  "fouled"  tube  is  not  clear.   It  could  be  that  improper 
preparation  of  tube  S-la  renders  this  set  of  data  unreliable 
as  evidenced  by  the  variations  in  the  outside  heat  transfer 
coefficient . 

Comparison  of  the  corrected  pressure  drop  versus  cooling 
water  mass  flow  rate,  shown  by  Figure  21,  reveals  that  the 
effect  of  the  "ripples"  on  tube  S-2  is  carried  through  to  the 
tube's  inside  surface.   The  slight  increase  of  the  corrected 
pressure  drop  compared  to  that  for  tube  S-lb  "clean"  is 
evident  at  flow  rates  above  about  0.4  kg/sec  and  reaches  a 
value  of  about  6.6  percent  at  a  flow  rate  of  1.06  kg/sec. 
This  is  still  seen  to  be  within  the  uncertainly  band,  and 
indicates  that  this  tube  does  not  suffer  a  severe  degradation 
in  performance  due  to  the  "rippling." 

As  seen  in  Tables  XVIII,  XIX  and  XX,  the  Sieder-Tate 
coefficient  for  all  of  the  smooth  tubes  was  about  0.025,  which 
is  the  same  as  that  reported  by  Reilly  [ll],  and  is  within 
±8  percent  of  the  values  of  .023  or  .027,  which  are  most 
often  found  in  the  literature.   Figure  22  shows  that  the 
linear  regression  subroutine  used  to  obtain  the  slope  for  the 
Wilson  plot  fit  the  S-lb  tube  (run  7,  "clean")  data  very  well. 
Variations  reflect  minor  changes  in  the  bulk  properties  of 
the  cooling  water.   The  constancy  of  the  Sieder-Tate  coef- 
ficient used  in  the  Nusselt  relation  over  the  range  of  flows 
is  further  shown  in  Figure  23. 
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The  effect  of  the  increased  corrected  pressure  drop  for 
tube  S-2  "rippled"  is  also  seen  in  Figure  24,  which  shows 
the  fanning  friction  factor  versus  Reynolds  number.   At 
higher  Reynolds  numbers,  tube  S-2  is  seen  to  have  slightly 
higher  values  of  friction  factor  than  either  tubes  S-la  or 
S-lb. 

Figure  25  reflects  the  use  of  the  Colburn  Analogy  by  the 
use  of  a  tube  performance  factor,  2j/f,  versus  Reynolds 
number.   In  1883,  Reynolds  [24]  mathematically  expressed, 
for  smooth  tubes,  the  analogy  between  heat  transfer  and 
momentum  transfer  as: 

St   =   f/2    .  (32) 

In  1933,  Colburn  [25]  extended  this  analogy  to  include  Prandtl 
number  effects: 

StPr2/3   -   j   =   f/2    .  (33) 

It  can  be  seen  that  all  of  the  smooth  tubes  average  about 
10  percent  higher  than  the  Colburn  Analogy,  reflecting  the 
uncertainty  in  the  measured  Sieder-Tate  coefficients. 

C.   ENHANCED  TUBE  RESULTS 

1.   Heat  Transfer  Coefficients 

The  corrected  overall  heat  transfer  coefficient  versus 
cooling  water  mass  flow  rate  comparisons  are  shown  in  Figures 
26  and  27.   Figure  26,  for  the  TURBOTEC  tubes,  shows  an 
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increase  of  about  100  percent  in  the  corrected  overall  heat 
transfer  coefficient  over  the  smooth  tube  value  at  0.6  kg/sec 
for  tube  T-3a  (Run  17),  and  Figure  27,  for  the  KORODENSE 
tubes,  shows  an  increase  of  46  percent  for  tube  K-5  (Run  14) 
at  the  same  cooling  water  mass  flow  rate.   For  comparison 
purposes,  Reilly  [ll]  reported  an  increase  of  53  percent  in 
corrected  overall  heat  transfer  coefficient  for  his  45  degree 
helix  angle  General  Atomic  tube  at  the  same  cooling  water 
mass  flow  rate. 

Of  interest  in  Figure  26  is  the  effect  of  vibration  on 
the  TUR30TEC  tube  performance,  as  indicated  by  the  solid 
data  points.   It  can  be  seen  that  by  comparing  tubes  T-3a 
(Run  6)  and  T-3b  (Run  17),  there  is  a  significant  improvement 
in  the  corrected  overall  heat  transfer  coefficient  when  the 
vibrations  do  not  occur.   As  indicated  earlier  in  the  photo- 
graphs, these  tube  vibrations  cause  the  condensate  to  have 
surface  waves  which  may  hold  up  the  condensate  drainage  off 
the  exterior  of  the  tube.   By  additng  the  additional  tube 
supports,  and  preventing  vibration,  the  drainage  was  not 
affected,  leading  to  higher  outside  heat  transfer  coefficients. 

Cunningham  and  Milne  [26]  reported  experimental  results 
of  "roped"  tubes  manufactured  by  Yorkshire  Imperial  Metals,  Ltd. 
These  are  similar  in  shape  to  KORODENSE  tubes,  but  are  manu- 
factured with  differing  numbers  of  indentation  (groove)  starts. 
It  was  found  that  in  geometry,  the  KORODENSE  tube  K-5  most 
closely  resembled  the  "roped"  tubes.   Figure  28  shows  how  tube 
K-5,  a  1-start  tube,  compares  to  the  "roped"  tubes  of 
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Cunningham  and  Milne  [26].   The  performance  of  tube  K-5  agrees 
fairly  well  to  the  "roped"  tubes  if  the  following  differences 
are  noted: 

(1)  differences  in  wall  resistance  -  tube  K-5  was 
made  from  Titanium  and  most  likely  has  a  higher  wall  resist- 
ance than  that  of  the  "YORCALBRO"  alloy  used  in  their  tube  [26]; 

(2)  differences  in  steam  conditions  -  steam  velocities 
used  with  the  "roped"  tubes  are  not  given  by  Cunningham  and 
Milne  [26]  and  no  comparison  can  be  made  with  the  steam 
conditions  used  in  these  tests;  and 

(3)  the  "roped"  tube  experiments  were  conducted  at 
atmospheric  pressure  (101  kPa) ,  while  the  pressure  used 
throughout  these  tests  was  maintained  at  about  21  kPa. 

2 .   Pressure  Drop 

Figures  29  and  30  are  comparisons  of  the  corrected 
pressure  drop  versus  cooling  water  mass  flow  rate  for  the 
enhanced  tubes  tested.   It  can  be  seen  that  the  corrected 
pressure  drops  for  the  enhanced  tubes  increase  at  a  faster 
rate  than  the  corrected  drops  for  the  smooth  tubes.   For  a 
cooling  water  mass  flow  rate  of  0.6  kg/sec, tube  T-3a  (Run  17), 
Figure  29,  shows  a  factor  of  11  increase  in  pressure  drop 
over  that  for  a  smooth  tube  while  tube  K-5  (Run  14),  Figure  30, 
shows  a  factor  of  4  increase.   A  cause  for  these  increases  can 
be  seen  by  referring  to  Table  IV  and  Figures  11  and  14.   Tube 
K-5  has  the  largest  helix  angle  and  tightest  pitch  of  the 
KORODENSE  tubes,  and  tube  T-3  has  the  largest  helix  angle  and 
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tightest  pitch  of  all  the  TURBOTEC  tubes.   These  geometries 
increase  the  restrictions  to  internal  flow,  therefore 
increasing  the  pressure  drops. 

3.   Sieder-Tate  Parameters 

The  Wilson  plots  for  the  TURBOTEC  and  KORODENSE  tubes 
are  shown  by  Figures  31  and  32.   These  are  provided  to  show 
how  well  the  linear  regression  subroutine  fits  the  data.   Of 
particular  interest  are  the  solid  data  points  shown  in  Figure 
31.   These  points  reflect  data  affected  by  vibration  of  tubes 
T-2  (Run  5)  and  T-3a  (Run  6).   Use  of  this  data  would  have 
greatly  affected  the  values  obtained  for  the  Sieder-Tate 
coefficient  in  an  erroneous  way.   Consequently,  the  vibration 
affected  data  were  not  used  in  obtaining  a  linear  regression 
fit.   Figure  33  shows  that  tube  T-3b  (Run  17),  with  an 
average  C.  of  .128  ±  .01,  reflects  a  factor  of  about  5 
increase  over  that  for  a  smooth  tube,  and  that  it  is  slightly 
improved  over  that  for  tube  T-3a  (Run  6).   This  indicates 
that  the  effect  of  tube  vibration  may  cause  deterioration  of 
inside  heat  transfer  as  well  as  the  deterioration  of  outside 
heat  transfer  mentioned  earlier.   From  Figure  34,  tube  K-5 
(Run  14),  with  a  C.  of  about  .065  ±  .008,  shows  a  factor  of  about 
2.6  increase  over  the  smooth  tube  value.  These  increases  presum- 
ably are  due  to  increased  surface  area,  turbulence  and  swirl  effects. 

4.   Friction  Factor 

The  corrected  pressure  drop  results  are  further 
reflected  by  Figures  35  and  36.   Here,  as  expected,  the  friction 
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factors  for  the  enhanced  tubes  are  greater  than  for  smooth 
tubes.   Again,  tube  T-3b  (Run  17)  shows  the  largest  friction 
factor  overall  and  tube  K-5  (Run  14)  shows  the  largest  friction 
factor  for  the  KORODENSE  tubes.   Both  of  these  tubes  have 
large  helix  angles,  verifying  the  effect  of  helix  angle  on 
pressure  drop  shown  with  the  General  Atomic  tubes  tested  by 
Reilly  [11].   The  other  KORODENSE  tubes  appear  to  have  friction 
factors  nearer  to  the  smooth  tube.   For  Runs  9  and  13  this  is 
because  the  low  pressure  drop  (LPD)  tubes  were  used.   Tubes 
for  Runs  11  and  12  on  the  other  hand,  which  are  manufactured 
for  maximum  heat  transfer  (MHT),  and  therefore  have  deeper 
indentations,  have  slightly  higher  friction  factors  than  LPD 
tubes.   Tube  K-5  (Run  14)  however,  not  only  has  deep  indenta- 
tions but  has  a  significantly  smaller  pitch  (therefore  tighter 
twist)  than  the  other  MHT  tubes,  perhaps  causing  its  higher 
pressure  drop  performance. 

5.   Tube  Performance  Criteria 

a.   Colburn  Analogy 

As  shown  in  section  B  of  this  chapter,  the  Colburn 
Analogy  can  be  used  to  define  a  performance  factor  that 
directly  relates  heat  transfer  to  pressure  drop.   Comparisons 
of  this  tube  performance  factor  (2j/f)  versus  Reynolds  number 
are  shown  in  Figures  37  and  38.   The  effect  of  friction  factor 
is  seen  to  dominate  heat  transfer  (i.e.,  it  requires  more  of 
a  pressure  drop  increase  to  get  an  increase  in  heat  transfer) 
for  all  the  TURBOTEC  tubes  which  have  high  friction  factors. 
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This  is  also  true  of  the  KORODENSE  tube,  X-5  (Run  14).   On 
the  other  hand,  tubes  K-l  (Run  9)  through  K-4  (Run  11)  have 
friction  factors  near  the  smooth  tube  results  (Figure  36), 
and  these  lower  friction  factors  give  higher  results  in 
Figure  38  than  tube  K-5  (Run  14)  agreeing  closely  with  the 
Colburn  Analogy.   The  analogy  therefore  appears  to  break  down 
for  the  deeply  grooved  TURBOTEC  tubes  and  for  the  tightly 
pitched,  yet  shallower  grooved,  KORODENSE  K-5  tube.   The 
reader  should  be  cautioned  that  all  of  the  above-mentioned 
results  in  Figures  37  and  38  have  been  obtained  using  a 
smooth  inside  diameter,  D..   If  an  appropriately  defined 
hydraulic  diameter,  D^  were  used  to  reduce  the  data,  it  is 
expected  that  all  the  tube  performance  factors  would  increase, 
but  the  relative  magnitudes  of  the  performance  factors  would 
remain  approximately  the  same. 

b.   Surface  Area  Ratios  at  Constant  Heat  Loads 

Use  of  surface  area  ratios  as  defined  by  equation 

(24)  provides  an  additional  performance  parameter  more  useful 

perhaps  for  the  design  engineer  than  the  Colburn  Analogy.   As 

explained  in  Chapter  III,  with  this  area  ratio  method,  it  is 

essential  that  the  additional  frictional  resistance  of  the 

enhanced  tubes  be  taken  into  account  by  evaluating  the  area 

ratio  for  a  constant  pumping  power.   Assuming  that  the 

external  thermal  resistance  is  zero  (R    =0),  Figure  39 

ext      '    & 

shows  that  this  area  ratio  makes  all  of  the  enhanced  tubes 
appear  very  good  for  condenser  use,  with  tube  T-3b  showing 
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the  greatest  reduction  in  required  surface  area.   It  is  also 
seen  that  tube  GA-2,  the  45  degree  helix  angle  General  Atomic 
tube  [11 ],  appears  to  perform  very  much  like  tube  T-3b.   The 
results  of  this  figure  however,  are  for  an  external  resistance 
equal  to  zero  and  therefore  neglect  the  effect  of  wall  resist- 
ance and  outside  resistance. 

Area  ratios  for  a  nonzero  external  resistance  can 
also  be  found,  and  are  shown  in  Figure  40.   Again,  tube  T-3b 
is  seen  to  have  the  best  overall  performance.   However,  tube 
GA-2  is  now  seen  to  fall  between  the  TURBOTEC  and  K0R0DENSE 
tubes,  reflecting  the  effect  of  external  resistance  on  this 
tube.   It  should  be  noted  that  the  Reynolds  numbers  used  in 
the  surface  area  ratio  figures  are  Reynolds  numbers  for 
existing  smooth  tube  condensers  (Re  ).   For  example,  using 
a  cooling  water  velocity  of  2.74  m/sec  (the  maximum  scoop 
injection  velocity  as  specified  in  Reference  [22]), the  related 
smooth  tube  Reynolds  number  is  calculated  to  be  about  40,000. 
Entering  Figure  40  with  this  Reynolds  number,  it  is  seen  that 
tube  T-3b  would  allow  for  approximately  a  53  percent  reduction 
in  the  required  surface  area. 

c.   Internal  and  External  Performance 

Table  TCKI  gives  ratios  of  the  average  Sieder-Tate 
coefficients  for  the  augmented  tube  data  (Ui  )  to  that  of 

smooth  tube  data  (Ci  ),  and  average  outside  heat  transfer 

s 

coefficients  for  the  augmented  tube  data  (ho  )  to  that  of 

smooth  tube  data  (ho  )  for  each  of  the  tube  types.   Since 
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increases  in  corrected  overall  heat  transfer  coefficient  are 

related  to  enhancement  of  both  the  inside  and  outside  heat 

transfer  coefficients  together,  it  is  clear  again  that  tube 

T-3b  gives  the  best  overall  performance.   This  condfirms  the 

low  area  ratios  observed  for  this  tube  in  Figures  39  and  40. 

Further  study  of  Tables  IV  and  XXXI  indicate  that 

the  inside  and  outside  heat  transfer  coefficients  are  related 

to  change  in  pitch  (for  approximately  constant  groove  depth). 

This  is  reflected  in  Figure  41.   In  this  figure,  values  of 

the  ratios  of  Ci  /Ci   and  ho  /ho   (from  Table  XXXI)  are 

a'   s       a.'       s  v 

plotted  versus  varying  pitch  (for  constant  groove  depth). 

The  trends  of  the  data  in  the  Ci  /Ci   curve  reveal  that  there 

a'   s 

is  perhaps  an  optimum  pitch  (at  a  constant  groove  depth)  to 

increase  the  inside  heat  transfer  coefficient.   This  could 

be  due  to  the  fact  that  as  pitch   changes  from  being  very 

large  to  very  small,  the  nature  of  the  internal  flow  changes 

from  predominately  swirling  motion  to  turbulent  mixing.   The 

optimum  pitch  could  therefore  be  the  one  that  produces  a 

combination  of  both  these  mechanisms.   That  outside  heat 

transfer  improves  with  decreased  pitch  is  seen  in  the  ho  /ho 

as 

curve.   With  reduced  pitch,  condensate  drainage  improves  and 

more  channels  are  provided  presenting  more  tube  surface  area 

to  the  steam  flow.   The  variations  in  ho  /ho  ,  as  noted  in 

a'   s ' 

Table  XXXI,  may  be  caused  partially  by  the  uncertainly  in 
the  wall  resistance  used  in  the  Wilson  plot  technique. 
Calculation  of  the  actual  wall  resistance  for  an  enhanced 
tube  with  severe  corrugations  requires  a  complicated  analysis. 
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It  should  also  be  noted  that  the  relative  posi- 
tions of  the  data  for  the  KORODENSE,  General  Atomic  and 
TUR30TEC  tubes  in  Figure  41  are  related  to  their  respective 
average  groove  depths. 

The  results  discussed  above  show  correlation 

with  the  work  of  Catchpole  and  Drew  [5],  Comparison  with 

their  data  for  a  groove  depth  of  0.6  mm  with  data  shown  in 

Figure  41  shows  that  there  is  good  general  agreement.   In 

their  results  for  the  0.6  mm  groove  depth,  decreasing  pitch 

from  about  12.8  mm  to  6.4  mm  increased  the  Ci  /Ci   ratio 

a'   s 

from  2.1  to  2.6,  and  this  same  decrease  in  pitch  followed 

the  same  trend  of  Figure  41  for  increasing  the  outside  heat 

transfer  coefficient,  with  a  maximum  ho  /ho   ratio  of  about 

'  a'   s 

1.7  for  their  0.6  mm  groove  depth  tube. 


V.   CONCLUSIONS 

As  a  result  of  the  above-mentioned  tests,  the  following 
conclusions   are  reached. 

1.  All  of  the  enhanced  tubes  herein  tested  would  allow 
for  a  savings  of  condenser  surface  area.   Again,  related  to 
an  earlier  example,  for  a  naval  condenser  with  a  scoop  in- 
jection velocity  of  2.74  m/sec  (9ft/sec)  the  corresponding 
smooth  tube  Reynolds  number  ,  is  calculated  to  be  about 
40,000.   Entering  Figure  40  with  this  Reynolds  number,  it 

is  seen  that  enhanced  tubes  would  allow  for  condenser  surface 
areas  varying  from  83  percent  to  47  percent  of  the  smooth 
tube  condenser  surface  area. 

2.  The  maximum  corrected  overall  heat  transfer  coef- 
ficient  was  obtained  with  tube  T-3b,  and  was  about  2  times 
that  of  the  corresponding  smooth  tube.   This  is  a  result  of 
this  tube's  highest  combined  improvement  in  the  inside  heat 
transfer  coefficient  (Ci  /Ci  )  =  5.0)  and  the  outside  heat 

transfer  coefficient  (ho  /ho   =  1.3). 

v   a'   s      ' 

3.  The  largest  pressure  drops  measured  for  all  the 
enhanced  tubes  were  for  tube  T-3b.   This  is  due  to  this  tube's 
severe  geometric  deformation,  presenting  the  highest  degree 

of  restriction  to  cooling  water  flow. 

4.  The  best  surface  area  ratios  were  for  tubes  T-3b, 
T-4  and  T-2.   Again,  this  is  due  to  these  tubes'  combined 
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improvement  in  the  inside  and  outside  heat  transfer  coeffi- 
cents  for  their  respective  pressure  drops.   As  a  result  of 
its  lower  outside  heat  transfer  coefficient,  tube  GA-2  was 
seen  to  have  a  higher  surface  area  ratio  when  external 
resistance  was  taken  into  account.  An  improvement  on  this  tube 
could  be  made  however,  if  its  outside  heat  transfer  coef- 
ficient was  increased. 

5.  The  effect  of  pitch,  which  relates  to  helix  angle, 
(with  constant  groove  depth)  on  improved  heat  transfer  per- 
formance was  displayed.   The  data  shows  that  Ci  /Ci   could 

Li     S 

possibly  achieve  an  optimum  value  for  a  properly  chosen  pitch. 
This  could  be  due  to  the  fact  that  the  choice  of  pitch  could 
provide  the  best  combination  of  internal  flow  swirl  and 
turbulence.   The  fact  that  decreasing  pitch  improves  the 
outside  heat  transfer  coefficient  by  improving  condensate 
drainage  and  presenting  more  tube  surface  to  the  steam  flow 
was  also  determined. 

6.  Based  upon  D.  (and  not  D,  )  the  Colburn  Analogy  was 
found  to  be  valid  for  tubes  K-l,  K-2,  K-3,  and  K-4;  and 
invalid  for  deep  grooved,  and/or  tightly  pitched  tubes. 

7.  Tube  vibration  was  seen  to  cause  a  decrease  in  the 
corrected  overall  heat  transfer  coefficient  for  several  of 
the  TUR30TEC  tubes.  This  decrease  could  be  caused  by  the 
hold  up  of  condensate  in  the  grooves,  affecting  condensate 
drainage,  as  well  as  by  a  deterioriation  in  the  inside  heat 
transfer  coefficient. 
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VI.   RECOMMENDATIONS 

From  the  results  of  this  experiment,  several  unanswered 
questions  can  be  posed.   In  an  effort  to  offer  ideas  for 
continued  use  of  the  test  facility,  the  following  recommenda- 
tions are  made. 

1.  Further  investigate  the  parameters  (pitch,  groove 
depth  and  helix  angle)  in  an  attempt  to  find  the  desired 
combination  of  these  parameters  that  will  produce  the  optimum 
tube.   Along  with  this  effort,  newly  conceived  enhanced  tubes 
should  be  tested  and  ranked  with  those  previously  tested. 

2.  Tests  of  the  General  Atomic  45  degree  helix  tube,  the 
KORODENSE  Titanium-MHT  tube,  and  the  TURBOTEC  Low  Pitch  tube 
should  be  expanded  to  include  tests  of  horizontally  mounted 
tubes  in  vertical  banks.   This  is  needed  to  determine  the 
effect  of  condensate  drainage  from  tubes  at  the  top  of  the 
bank  on  the  heat  transfer  coefficient  of  the  tubes  near  the 
bottom  of  the  bank. 

3.  The  fouling  characteristics  of  any  tube  under  test 
should  be  determined.   This  includes  the  cooling  water  side 
as  well  as  the  steam  side.   Fouling  could  prove  to  be 
especially  critical  in  the  use  of  tubes  with  geometries  that 
have  possible  cooling  water  flow  stagnation  areas  such  as 
tightly  spiralled  tubes. 
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4.  In  addition  to  geometric  enhancement,  tests  should  be 
conducted  to  determine  the  effectiveness  of  dropwise  conden- 
sation promoters.  These  could  be  applied  to  tubes  such  as 
those  manufactured  by  General  Atomic  Company  to  improve  the 
outside  heat  transfer  coefficient  and  therefore  the  tubes' 
overall  performance. 

5.  Tests  should  be  performed  using  TURBOTEC  tubes  of 
copper-nickel.   This  would  provide  stronger  tubes  than  those 
tested  in  this  experiment,  and  should  decrease  the  tendency 
toward  vibration  with  decreased  pitch  as  found  with  copper 
122. 

6.  Testing  of  enhanced  tubes  should  be  done  in  a 
vertical  orientation.   This  would  determine  the  effect  of 
condensate  drainage  vertically  rather  than  horizontally  off 
the  tube's  surface  which  has  been  shown  to  be  very  effective 
using  refrigerants  [7.8]. 
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VII 


TABLES 


Table  I.   Location  of  Stainless  Steel  Sheathed 
Copper  Constantan  Thermocouples. 
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Table  III.   Summary  of  Test  Tubes 


Cerru««tloa  Mtea 


Comcitlu  >?*j 


TURBOTEC  Schematic 

KORODENSE 

Schematic 

ie 

Tube 
Type 

Helix  (a) 

Angle 
(Deg) 

No.  of 

Groove 
Starts 

Groove 
Depth 
(mm) 
e 

Pitch 

(mm) 
p 

P/DQ 

e/D 
'  o 

n 

TURBOTEC 

30 

3 

2.67 

50.48 

3.  18 

0.168 

High 
Pitch 

Medium 
Pitch 

45 

3 

3.25 

35.78 

2.32 

0.205 

Low 
Pitch 

60 

3 

3.35 

22.53 

1.42 

0.211 

Variable 
Pitch 

40/60 

3 

3.23 

37.31/ 
23.97 

2.35/ 

1.51 

0.203/ 
0.214 

KORODENSE 

65 

x 

0.36 

9.81 

0.62 

0.  022 

CuNi-LPD 

CuNi-MHT 

70 

1 

0.51 

0.64 

0.61 

0.032 

A£-LPD 

64 

1 

0.41 

9.67 

0.61 

0.026 

A£-MHT 

74 

1 

0.58 

9.58 

0.60 

0.037 

Ti-MHT 

75 

1 

0.61 

5.97 

0.38 

0.038 

Helix  Angle  =  angle  measured  from  tube  horizontal  axis  to  flute  axis 

st  Direction:   TURBOTEC  -  left-handed  spiral 

KORODENSE  -  right-handed  spiral 
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Table  V.   Raw  Data  for  Smooth  "fouled"  CuNi 
Run  2,  11  MAY  78. 


1  * 

Flow 

T  (°C) 

V 

T  (°K) 
w 

TCi(°C) 

Tco(°C) 

AP  (  Pa) 

10 

61.7 

316.0 

19.0 

28.1 

1.098 

20 

63.9 

309.5 

18.0 

25.3 

3.609 

30 

63.3 

304.5 

18.0 

•   23.3 

7.373 

40 

63.3 

301.9 

17.0 

22.2 

12.708 

50 

64.2 

300.5 

17.0 

21.6 

18.827 

60 

64.7 

298.8 

17.0 

20.9 

26.200 

67 

65.0 

299.9 

17.0 

20.6 

32.005 

Table  VI.   Raw  Data  for  Smooth  "clean"  CuNi, 
Run  7,  11  JUN  78. 


cr 

Flow 

T  (°C) 

V 

T  (°K) 
wv 

Tc^C) 

Tc  (°C) 

AP  (  Pa) 

10 

67.2 

325.7 

19.2 

29.3 

1.004 

15 

66.9 

322.7 

19.0 

27.6 

2.040 

20 

66.8 

320.3 

19.0 

26.6 

3.514 

30 

67.0 

317.0 

19.0 

25.0 

7.531 

40 

67.1 

317.1 

19.3 

24.3 

12.551 

50 

67.2 

317.0 

19.5 

23.8 

18.764 

60 

67.0 

317.3 

19.4 

23.2 

25  793 

70 

66.  S 

317.8 

19.2 

22.6 

34.171 

80 

66.6 

317.4 

19.0 

22.2 

43.427 

90 

66.7 

318.6 

18.9 

21.8 

53.625 
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Table  VII.   Raw  Data  for  Smooth  "rippled"  CuNi , 
Run  8,  12  JUL  78. 


% 

Flow 

V°c) 

T  (°K) 
w 

Tci(°C) 

Tc  (°C) 
o 

AP  (kPa) 

10 

67.5 

316.9 

17.4 

27.8 

0.941 

15 

67.3 

310.8 

17.1 

25.9 

2.165 

20 

67.5 

307.9 

17.0 

24.8 

3.577 

30 

67.4 

304.3 

17.0 

23.3 

7.562 

40 

67.4 

303.0 

17.3 

22.5 

13.085 

50 

67.4 

300.4 

17.7 

22.  1 

19.423 

60 

67.6 

298.9 

17.8 

21.7 

26.860 

70 

67.5 

298.2 

17.9 

21.5 

35.457 

80 

67.7 

297.8 

18.0 

21.2 

44.776 

90 

67 . 7 

297.4 

18.1 

21.0 

55.790 

Table  VIII.  Raw  Data  for  TURBOTEC  Hi  Pitch, 
Run  4,  12  JUN  78 


1     1 

a 

Flow 

T  (°C) 

T  (°K) 

Tc.(°C) 

l 

Tc  (°C) 
o 

AP  (kPa) 

10 

67.5 

323.8 

21.9 

37.0 

1.977 

15 

67.4 

320.7 

21.2 

33.8 

4.079 

20 

67.7 

318.2 

20.9 

31.6 

6.997 

25 

67.9 

316.4 

20.8 

30.3 

10.512 

30 

66.5 

314.6 

20.7 

29.2 

14.779 

40 

64.6 

311.9 

20.6 

27.7 

25.950 

50 

63.4 

309.1 

20.5 

26.6 

41.544 

60 

63.7 

307.3 

20.5 

25.9 

59.556 

70 

63.8 

306.1 

20.4 

25.2 

81.488 

80 

63.8 

304.9 

20.3 

24.7 

106.999 

83.5 

63.5 

304.5 

20.1 

24.4 

116.412 
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Table  IX.   Raw  Data  for  TURBOTEC  Medium  Pitch 
Run  5,  12  JUN  78. 


% 

Flow 

TV(°C) 

T  (°K) 
w 

TCi(0C) 

Tc  (°C) 

ov  ' 

AP  (kPa) 

10 

66.4 

325.4 

19.2 

38.5 

2.573 

15 

66.1 

321.8 

18.8 

35.0 

6.589 

20 

65.8 

319.8 

18.5 

32.4 

11.673 

25 

66.0 

318.6 

18.5 

30.6 

18.199 

30 

66.6 

317.1 

18.4 

29.2 

26.514 

40 

67.1 

313.6 

18.4 

27.3 

44.996 

50 

66.6 

311.7 

18.6 

26.1 

69.596 

60 

66.2 

309.7 

18.6 

25.2 

100.159 

70 

64.7 

306.4 

18.6  ' 

23.9 

136.871 

75 

64.0 

306.0 

18.5 

23.6 

157.831 

Table  X.   Raw  Data  for  TURBOTEC  Low  Pitch, 
Run  6,  14  JUN  78. 


% 

Flow 

TV(°C) 

T  (°K) 

w    ' 

Tc.(°C) 

Tc  (°C) 
ov 

AP  (kPa) 

10 

66.2 

324.0 

19.6 

44.3 

3.880 

15 

67.0 

320.0 

19.5 

40.5 

18.513 

20 

67.1 

317.4 

19.5 

37.5 

31.472 

25 

67.1 

314.8 

19.6 

35.0 

48.825 

30 

67.2 

312.6 

19.6 

33.1 

66.867 

35 

67.0 

310.8 

19.6 

31.2 

91.154 

40 

67.1 

309.7 

19.7 

30.2 

115.189 

45 

67.4 

308.9 

19.6 

29.2 

146.567 

50 

67.4 

309.1 

19.6 

28.1 

182.338 

60 

67.5 

307.9 

19.4 

26.6 

258.869 
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Table  XI.   Raw  Data  for  TURBOTEC  Variable  Pitch, 
Run  15,  28  JUL  78. 


% 

Flow 

T  (°C) 

V 

T  (°K) 

wx  ' 

TC;L(0C) 

Tco(°C) 

AP  (kPa) 

10 

66.6 

321.6 

19.0 

41.3 

5.648 

15 

66.5 

318.3 

19.0 

37.4 

11.986 

20 

66.8 

316.0 

19.3 

35.0 

20.427 

25 

66.9 

314.4 

19.7 

33.4 

29.025 

30 

66.6 

312.9 

20.0 

31.9 

43.239 

35 

66.8 

311.7 

20.1 

31.0 

57.547 

40 

66.8 

310.2 

20.5 

30.1 

74.523 

50 

66.9 

308.2 

20.8 

28.7 

113.745 

60 

66.9 

306.7 

21.2 

28.0 

164.578 

6&5. 

66.9 

306.0 

21.6 

27.6 

214. 155 

Table  XII.   Raw  Data  for  TURBOTEC  "supported"  Low 
Pitch,  Run  17,  6  AUG  78. 


% 

Flow 

TV(°C) 

V°K) 

Tc^C) 

Tco(°C) 

AP  (kPa) 

10 

66.5 

321.9 

20.9 

45.2 

7.939 

15 

66.6 

318.0 

20.9 

41.4 

14.748 

20 

66.8 

316.1 

21.5 

38.9 

30.499 

25 

66.7 

314.7 

22.3 

37.3 

46.188 

30 

67.0 

313.6 

23.1 

36.2 

65.329 

35 

66.9 

312.5 

23.6 

35.1 

88.580 

40 

66.9 

311.7 

24.1 

34.4 

112.428 

45 

66.9 

311.4 

24.6 

33.9 

141.093 

50 

67.1 

311.1 

25.0 

33.5 

173.050 

57 

67.2 

310.8 

25.7 

33.1 

220.274 
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Table  XIII.   Raw  Data  for  KORODENSE  CuNi-LPD, 
Run  9,  13  JUL  78 


% 

Flow 

T  (°C) 

TW(°K) 

Tci(°C) 

Tc  (°C) 

ov   ' 

AP  (kPa) 

10 

66.8 

313.7 

19.  1 

32.1 

1.600 

15 

66.9 

310.5 

19.2 

29.9 

3.263 

20 

66.8 

308.5 

19.8 

28.8 

5.585 

25 

67.1 

306.5 

19.9 

27.8 

8.252 

30 

66.6 

305.6 

19.9 

26.9 

11.455 

40 

66.3 

303.8 

19.9 

25.5 

18.952 

50 

66.6 

302.7 

19.8 

24.7 

27.456 

60 

66.7 

302.2 

20.2 

24.5 

37.685 

70 

66.9 

302.4 

20.7 

24.5 

48.510 

80 

67.0 

302.6 

21.3 

24.7 

60.528 

88.9 

67.0 

302.4 

21.9 

24.9 

71.573 

Table  XIV.   Raw  Data  for  KORODENSE  A£-LPD, 
Run  13,  18  JUL  78 


% 

Flow 

TV(°C) 

V°K) 

Tc.(°C) 

Tc  (°C) 
o 

AP  (kPa) 

10 

65.5 

321.1 

23.5 

36.6 

1.506 

15 

65.8 

317.1 

23.6 

34.7 

3.232 

20 

66.3 

314.6 

23.8 

33.3 

5.460 

25 

66.3 

312.5 

24.0 

32.2 

8.284 

30 

66.7 

311.4 

24.1 

31.5 

11.735 

40 

66.7 

309.7 

24.3 

30.4 

19.423 

50 

66.6 

307.6 

24.5 

29.6 

28.993 

60 

66.6 

307.1 

24.6 

29.1 

30.630 

70 

65.1 

305.7 

23.7 

27.3 

52.088 

80 

65.8 

305.1 

23.0 

26.3 

66.208 
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Table  XV.   Raw  Data  for  KORODENSE  Al-MKT , 
Run  11,  16  JUL  78 


% 

Flow 

TV(°C) 

T  (°K) 

w^   ' 

Tc.(°C) 

Tco(°C) 

AP  (kPa) 

10 

66.8 

315.1 

16.7 

34.3 

2.385 

15 

66.9 

311.6 

16.5 

30.8 

5.052 

20 

67.3 

309.6 

16.6 

28.6 

8.692 

25 

67.3 

308.3 

16.7 

27.3 

12.771 

30 

67.1 

307.4 

16.9 

26.0 

17.885 

40 

67.1 

306.  1 

17.2 

24.5 

29.244 

50 

67.3 

305.4 

17.5 

23.8 

42.235 

60 

67.1 

304.6 

17.9 

23.3 

57.202 

70 

67.1 

303.9 

18.2 

22.9 

72.766 

80 

67.2 

303.7 

18.5 

22.6 

91.467 

Table  XVI.   Raw  Data  for  KORODENSE  CuNi-MHT, 
Run  12,  17  JUL  78 


% 

Flow 

Tv(°C) 

T  (°K) 

wv 

Tc.(°C) 

Tco(°C) 

AP  (kPa) 

10 

67.5 

323.8 

24.0 

37.6 

1.914 

15 

67.6 

321.6 

23.6 

34.8 

4.393 

20 

67.6 

318.8 

23.3 

32.8 

7.374 

25 

67.5 

316.7 

23.1 

31.2 

11.139 

30 

67.4 

315.6 

23.0 

30.2 

15.312 

40 

67.6 

314.6 

22.9 

28.8 

24.883 

50 

67.6 

314.0 

22.9 

r 

27.8 

36.148 

60 

67.6 

313.4 

22.9 

27.3 

48.856 

70 

67.6 

313.5 

23.0 

26.8 

62.944 

80 

67.6 

312.7 

23.1 

26.5 

77.472 
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Table  XVII.   Raw  Data  for  KORODENSE  Ti-MHT, 
Run  14,  19  JUL  78 


% 

Flow 

TV(°C) 

T  (°K) 

wv   ' 

TCi(°C) 

Tc  (°C) 

o    ' 

AP  (kPa) 

10 

68.3 

328.2 

20.7 

35.8 

2.353 

15 

67.9 

327.5 

20.9 

33.0 

5.554 

20 

69.0 

326.8 

20.5 

30.8 

9.947 

25 

67.0 

326.7 

21.4 

30.2 

15.595 

30 

67.2 

326.6 

22.3 

29.7 

22.341 

40 

67.2 

326.4 

22.8 

28.8 

38.438 

50 

67.2 

326.1 

23.0 

28.1 

58.834 

60 

67.0 

326.0 

23.4 

27.7 

82.713 

70 

67.1 

326.0 

23.6 

27.4 

110.043 

80 

67.4 

325.8 

23.8 

27.3 

139.067 
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Table  XXXI.   Summary  of  Heat  Transfer  Capabilities 
of  Enhanced  Condenser  Tubing. 


No.     Tube  Type  Cla/Cls  hoa/hos 


KORODENSE 

1-1 

CuNi-LPD 

K-2 

CuNi-MHT 

K-3 

A£-LPD 

K-4 

A£-MHT 

K-5 

Ti-MHT 

TURBOTEC 

1.60  ±  .18  .97  ±  .11 

2.12  ±  .21  .93  ±  .09 

2.60  +  .47  .85  ±  .09 

2.60  ±  .29  .85  ±  .09 

2.20  ±  .27  1.15  ±  .12 


High  Pitch 

1.76 

+ 

.24 

1.03 

+ 

.13 

Medium  Pitch 

2.92 

+ 

.33 

1.10 

+ 

.10 

Low  Pitch  (u) 

4.88 

+ 

.82 

1.32 

+ 

.12 

Low  Pitch  (s) 

5.12 

+ 

.90 

1.34 

+ 

.13 

Variable  Pitch 

4.12 

+ 

.72 

1.14 

+ 

.09 

T-l 

T-2 

T-3a 

T-3b 

T-4 


GENERAL  ATOMIC  [ll] 

GA-1     30°  Helix  Angle  3.28  ±  .51  . 94  ±  . 06 

GA-2    45°  Helix  Angle  3.24  ±  .50  . 94  ±  . 06 

GA-3     60°  Helix  Angle  3.28  ±  .51  . 99  ±  . 09 


Inside  Heat  Transfer  Coefficient  (Sieder-Tate) 

w  ■    u  t^  /i     -nO.8^1/3,  .   .0.14 
Nu.  =  h.D./k,  =  C.Re   Pr  '  (u/u  ) 
x    li'b    l  '  w 

Outside  Heat   Transfer  Coefficient    (Nusselt) 

3 


Pf(pf-Pv)g   hfgkf    ^0.25 


h        =   0.725    [    x      1      v  ^    x    ] 

^fDo(Ts-Tw) 
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VIII.   FIGURES 


Figure  1.   Photograph  of  Test  Facility 
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Figure  3.   Photograph  of  Test  Condenser  with  Partial  Insulation 
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FLOW  BAFFLES 


Camera  View  of 
Enhanced  Tube 
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Figure  5.   Test  Condenser  Schematic,  Side  Vi 
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Figure  18. 


Photograph  of  Condensation  on  Low 
Pitch  TURBOTEC  Tube  (No.  T-3a)  at  a 
Cooling  Water  Velocity  of  3  m/s 
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to  Tube  Vibration 
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Figure  19. 


Photograph  of  Condensation  on  Low 
Pitch  TURBOTEC  Tube  (No.  T-3a) 
Showing  Effect  of  Tube  Vibration  at 
a  Cooling  Water  Velocity  of  4  m/s 
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Figure  39.   Augmented  to  Smooth  Tube  Surface  Area 

Ratio  (R   t  -  0)  Versus  Reynolds  Number 
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Reynolds  Number,  pDt  Vs  /Jj, 


Figure  40.   Augmented  to  Smooth  Tube  Surface  Area 

Ratio  (R    f   0)  Versus  Reynolds  Number 
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Figure   41 


Comparative  Effect  of  Tube  Pitch  (Helix  Angle) 
on  Both  Inside  and  Outside  Heat  Transfer 
Coefficients  (for  Constant  Groove  Depth) 
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APPENDIX  A 

OPERATING  PROCEDURES 

Light-off  Procedure 
a.   Boiler  Operation 

(1)  Energize  main  circuit  breaker  located  in  power 
panel  P-2. 

(2)  Turn  key  switch  on — located  on  right  side  of 
main  control  board. 

(3)  Energize  circuit  breaker  on  left  side  of  main 
control  panel  by  depressing  start  button. 

(4)  Energize  individual  circuit  breakers  on  left 
side  of  main  control  panel.   The  following  list 
identifies  each  circuit  breaker: 

(a)  #1  -  Feed  pump 

(b)  #2  -  Outlets 

(c)  #3  -  Hot  water  heater  (feedwater  tank) 

(d)  #4  -  Condensate  pump 

(e)  #5  -  Boiler 

(f)  #6  -  Cooling  tower 

(g)  #7  -  Cooling  water  pump  (only  when  using 

closed  cooling  water  system) 

(5)  Insure  water  level  is  up  in  the  feedwater  tank, 
and  turn  on  switch  to  energize  heater. 

(6)  Turn  on  the  switch  to  the  feed  pump  to  recir- 
culate water  in  the  feedwater  tank. 
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(7)   Energize  instrumentation. 

(a)  Multichannel  pyrometer. 

(b)  Autodata  9  recorder  and  amplifier. 

(c)  Program  Autodata  using  following  procedure: 
SET  TIME: 

-  all  alarms  and  output  switches  off 

-  set  date/time  on  thumbwheels  (24  Hour  clock) 

-  depress  the  STOP/ENTER  switch 

-  set  the  DISPLAY  switch  to  "time" 

-  lift  the  SET  TIME  switch  to  enter  time. 
ASSIGNING  MULTIPLE  CHANNELS: 

-  depress  the  STOP/ENTER  switch 

-  check  that  all  alarms  and  output 
switches  are  still  off 

-  set  the  SCAN  switch  to  "continuous" 

-  set  the  FIRST  CHANNEL  and  LAST  CHANNEL 
thumbwheels  to  001 

-  set  the  DISPLAY  switch  to  "all"  and 
depress  the  SLOW  switch 

-  lift  the  SCAN  START  switch  to  start 
scanning  channel  1.   To  assign  channel  1 
depress  and  hold  the  AUTO  and  STD  RES 
buttons  for  at  least  one  scan 

-  set  the  LAST  CHANNEL  thumbwheels  to  039 
before   setting  the  FIRST  CHANNEL 
thumbwheels  to  002 
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-  depress  the  SKIP  button  to  skip 
channels  2  through  39  (may  have  to 
depress  the  T/  C  button  first  to 
break  unit  out  of  automode) 

-  set  the  LAST  CHANNEL  thumbwheels  to  052 
before  setting  the  FIRST  CHANNEL  thumb- 
wheels to  040 

-  to  assign  channels  40  through  52  depress 
and  hold  the  T/°C  and  HI  RES  buttons  for 
at  least  one  complete  scan 

INTERVAL  SCAN: 

-  set  thumbwheels  to  interval  desired 
between  scans  (usually  one  minute) 

-  depress  the  STOP/ENTER  switch 

-  set  the  DISPLAY  switch  to  "interval" 

-  depress  the  SET  INTERVAL  switch 

-  set  the  SCAN  switch  to  "interval" 

-  set  the  FIRST  CHANNEL  thumbwheels  to  001 

-  set  the  LAST  CHANNEL  thumbwheels  to  052 

-  lift  the  SCAN  START  switch 

Use  the  following  as  needed/desired: 

-  printer  on/off 

-  SLOW  switch 

-  single  channel  display 

(8)   Energize  cold  trap  refrigeration  unit,  insure 
that  flammable  stowage  locker  exhaust  fan 
is  on,  and  start  vacuum  pump. 
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(9)  After  feedwater  tank  has  reached  a  temperature  of 
60  C,  insure  water  level  in  boiler  is  above  low 
level  mark  and  energize  boiler. 

(10)  Open  valve  DS-1  (set  rotameter  to  15-20%  flow) 
b.   House  Steam  Operation 

Follow  steps  (1)  through  (4),  (6)  and  (8)  as  outlined 

above  for  the  boiler. 
Operation 
a.   Cooling  Water  System 

(1)  Open  valve  CW-1;  then  open  valve  CW-2  one  turn 
to  prime  the  cooling  water  pump,  keeping  valves 
SW-3  and  CW-4  closed. 

(2)  Energize  cooling  water  pump  (switch  near  pump), 
and  close  valve  CW-2.  Open  valve  CW-3  one  turn 
until  flow  is  established,  then  open  valve  CW-4 
to  purge  air, 

(3)  Open  valves  CW-3  and  CW-4  to  obtain  desired  flow 
rates. 

(4)  Vent  both  sides  of  the  3.66  meter  manometer. 

(5)  When  using  the  house  water  supply  remove  plug 
from  sump  and  open  valve  CW-2  with  valve  CW-1 
closed.   Follow  step  3. 

(6)  Begin  flow  to  secondary  condenser  (valve  behind 
column  next  to  boiler). 
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Steam  System 

(1)  3oiler  Operation 

(a)  When  boiler  has  reached  the  desired  pressure 
(approximately  20.7  kPa)  open  valve  MS-1. 

(b)  Insure  valves  MS-5  and  MS-5  are  open. 

(c)  Open  valve  MS-3  to  obtain  desired  steam  flow 
rate  to  test  condenser.   Open  valve  MS-4  as 
necessary  to  maintain  boiler  pressure  at 
desired  level  (34.5  kPa) . 

(2)  House  Steam 

(a)  Insure  valve  MS-1  is  closed.   Open  valve  MS-2. 

(b)  Follow  steps  (b)  and  (c)  for  boiler  use. 
Condensate  and  Feedwater  System 

(1)   Using  Boiler 

(a)  To  collect  drains  in  test  condenser  hotwell 
operate  with  valve  C-l  closed.   After  test 
run  has  been  completed,  open  valve  and  con- 
densate will  drain  into  secondary  condenser. 

(b)  The  condensate  pump  is  operated  intermittently, 
when  level  in  secondary  condenser  dictates. 
When  pump  is  secured,  keep  valve  C-2  closed. 
When  pump  is  required,  start  pump  and  then 
open  valve  C-2.   In  this  mode  keep  valve 

C-3  closed. 

(c)  While  feed  pump  is  running  (continuous 
operation)  valve  FW-1  must  be  fully  open 
and  valve  FW-2  must  be  throttled  so  that  a 
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positive  flow  is  insured.   Valve  FW-3  is  a 
solenoid  valve  which  is  actuated  by  the 
boiler  controls. 

(d)  When  boiler  is  energized,  valve  FW-4  must 
be  fully  open. 

(e)  Make-up  is  added  to  the  system  through  the 
top  of  the  feedwater  tank  by  removing  anode. 

(2)   Using  House  Steam 

(a)  Follow  step  (a)  for  using  boiler. 

(b)  To  pump  condensate  from  secondary  condenser 
hotwell,  start  pump,  and  open  valve  C-3. 

In  this  mode  keep  valve  C-2  closed. 

(c)  Delete  steps  (c)  through  (e)  for  using 
boiler. 

Securing  System 
a.   Using  Boiler 

(1)  Close  valves  MS-3  and  MS-4.   Secure  power  to 
boiler  and  then  close  MS-1. 

(2)  Close  valve  DS-1  and  drain  desuperheater  hotwell. 

(3)  Pump  condensate  from  secondary  condenser  hotwell 
to  feedwater  tank.   Secure  valve  C-2. 

(4)  Secure  vacuum  pump  and  refrigeration  unit. 

(5)  Secure  power  to  heater  (switches  on  side  and  stand) 

(6)  Secure  flow  to  secondary  condenser. 

(7)  Bottom  blow  boiler  to  remove  deposits.   Repeat 
twice,  blowing  from  high  water  mark  to  low  water 
mark  each  time. 
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(8)  Secure  cooling  water  pump  or  close  valve  CW-2 
when  using  house  water  supply.   Close  valves 
CW-3  and  CW-4. 

(9)  Secure  instrumentation. 

(10)  Secure  power  to  feed  pump. 

(11)  De-energize  individual  circuit  breakers. 

(12)  De-energize  circuit  breaker'  on  control  panel; 
depress  stop  button.   Turn  key  switch  off. 

b.   Using  House  Steam 

(1)  Close  valve  MS-2. 

(2)  Pump  condensate  into  return  line;  close  valve  C-3. 

(3)  Follow  steps  (4)  through  (6),  (9)  and  (10)  as 
outlined  for  procedure  using  boiler. 

Secondary  Systems 

a.  Vacuum  System 

Vacuum  is  established  by  a  mechanical  vacuum  pump  and 
is  controlled  by  a  vacuum  regulator  mounted  on 
instrument  board  mounted  by  test  condenser.   The 
vacuum  pump  is  separated  from  the  condenser  system 
by  a  refrigerated  cold  trap  to  prevent  moisture  from 
entering  the  pump. 

b.  Desuperheater 

Valve  DS-1  controls  flow  of  feedwater  (60  C)  to  spray 
nozzles.   Optimum  flow  level  is  between  15  and  20 
percent  flow  on  rotameter.   Condensate  is  collected 
in  a  small  tank  below  desuperheater  so  the  mass  flow 
rate  can  be  determined. 
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Safety  Devices 

a.  Emergency  Power  Shut-Off 

To  secure  all  power  to  the  system  in  an  emergency, 
depress  the  red  button  on  the  right  of  the  main 
control  panel  next  to  the  key  switch. 

b.  Boiler 

(1)  The  mercury  switches  mounted  on  the  main  control 
panel  secure  power  to  the  heating  elements  of 
the  boiler  when  the  steam  pressure  exceeds 
172.4  kPa.   Power  is  restored  to  the  heating 
elements  when  the  pressure  drops  to  approximately 
103.4  kPa. 

(2)  A  low  water  level  limit  switch  is  contained 
within  the  boiler,  and  when  the  water  level 
inside  the  boiler  drops  below  a  preset  level, 
power  is  secured  to  the  boiler  and  will  not  be 
restored  until  the  water  level  is  above  this 
preset  height. 

(3)  The  relief  valve  mounted  on  the  boiler  is  set 
to  lift  at  206.8  kPa. 
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APPENDIX  B 
SAMPLE  CALCULATIONS 

A  sample  calculation  is  performed  here  to  illustrate  how 
the  data  reduction  program  [11]  progresses  to  the  results. 
The  KORODENSE,  copper-nickel-MHT   Tube  QS.-2) ,    run  number  12 
at  50  percent  flow  on  the  high  flow  rotameter  was  selected  at 
random  to  perform  this  analysis.   This  tube  and  run  number 
are  the  same  as  that  used  for  the  error  analysis  in  Appendix  C. 

Section  2  of  this  appendix  corresponds  to  the  calculations 

performed  for  plain  end  inside  diameter.   The  water  property 

calculations  are  shown  in  section  1. 

INPUT  PARAMETERS 

Tube  KORODENSE,  CuNi-MHT,  Tube  K-2 

Run  Number  12 

Tube   Inside  Diameter,  0.01339  m 

Plain  End   (Di) 

Tube  Outside  Diameter,    (D    )  0.01588   m 

Overall   Tube   Length    (L)  1.22   m 

Enhanced  Section  Lenght    (LTS)  0.9144   m 

2 

Enhanced   Section   Cross   Sectional      0.0001316   m 

Flow  Area,*    (Ac) 

2 
Outside  Nominal  Surface  Area,  (A  )  0.045604  m 

Tube  Thermal  Conductivity,  (kw)    44.652  W/m  °C 

Wall  Resistance,  (R  )  30.315  x  10~6  m2  °C/W 

w 


*This  area,  Ac,  was  determined  by  measuring  the  liquid 
volume  contained  within  the  enhanced  section  of  each  tube 
and  dividing  by  the  enhanced  section  length. 
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67. 

6  °C 

314 

.0  °K 

36. 

148  kF 

•a 

50 

Kc 

1 

>  Ke 

+ 

Ke 

I 

Cooling  Water  In,  (Tc^  22.9  °C 

Cooling  Water  Out,  (Tc  )  27.8  °C 

Average  Cooling  Water  25.35  °C,  298.5  °K 

Temperature  (T.  ,T.  ) 

Steam  Vapor  Temperature,  (T  ) 

Tube  Wall  Temperature,  (T  ) 

Tube  Pressure  Drop,  (AP  ) 

%   Flow 

Tube  Inlet  Contraction  Factor 

Tube  Outlet  Expansion  Factor 

Section  1,  Water  Properties 

y    =   (4.134  x  10~4)exp {[ (0 . 008291758) (298 . 5)+(2644 . 2189) /(298 . 5)] 

-  10.59252566} 

y    =   8.6717   x  10~4  kg/m-sec  =   3.1218  kg/m-hr 

k    =   0.5565919  +  (0 . 002174417) ( 25 . 35)-(0 . 70127  x  10~5) (25. 35)2 

-(2.0914  x  10~10)(25.35)3 

k    =   0.6072035  W/m-°C 

p    =   1004.44434  -  (0 . 12673368) (25. 35) 

-  (0.0023913147)(25.35)2 

3 


=   999.695  kg/m 


c    =   4.2377955  -  (0 . 0018553514) (25. 35) 


P 


+    (1.3948314   x   10    5)(25.35)2 


?p       =      4.1997259  kJ/kg*    C 
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m    =  l/m   x  p  =   (35.582)(60)(0.001)(999.695) 


ra    =   2134.2688  kg/hr  =  0.59285  kg/sec 

yCp  ^   (8.6717  x  10~4)(4. 1997259  x  103) 
Pr       k  (0.6072035) 


Pr    =   5.997 

Section  2,  Plain-End-Tube  Reduction 

1.  Determination  of  cooling  water  velocity 

4m  m 

V       ~  2  VTS  "  pAc   =   va 

(4)(2134.2688)  (2134.2688) 

I    V   "   (999.695)(tt)(0.01339)2     ^  "  ( 999  •  695)  (0 .  0001316) 

v   =   15161.094  m/hr  vTS  =  16222.795  m/hr 

=   4.211  m/sec  =   4.506  m/sec 

2.  Determination  of  Mass  Flow  Rate  per  Unit  Area 

n  4m 

G   =   7j    =  pv 

ttD. 

i 

=  (999.695)(15161.094) 
=  15,156,469.  kg/m2  hr 
=   4210.13  kg/m2  sec 

3.  Determination  of  Reynolds  Number 

D  G 
Re  =  — =- 

"H2° 


m    (0.01339)(4210.13) 
(8.6717 
Re  =  65,008.75 


(8.6717  x  10"4) 
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4.   Determination  of  Overall  Heat  Transfer  Coefficient 


m  c       T   -  Tc 

_r 

n 


Un   =    A     ln  (T   -  Tc  > 


(0.59285)(4. 1997259  x  103)  .   ,67.6  -  22.9, 
=  ■» — -  ln  ( ) 

(0.045604)  67.6  -  27.8 

=   6339.01  W/m2  °C 


5.   Determination  of  Corrected  Overall  Heat  Transfer  Coefficient 


U 


rf--  R 

un 


1     -  30.315  x  10  6 


6339.01 


7846.932  W/m2  °C 


6.   Determination  of  Friction  Factor 

f 
s 


0.0' 

16 

Re0' 

.2 

0. 

,046 

65008. 75°*2 


0.005014 


2  Ls 

AP_   -  i- 


P  2gc 

(4) (0.005014) (4210. 13)  (q] 01339) 
(999.695)(2) 

=   5.103  kPa 
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P  v 


AP 


TS 


exp/con 


2g, 


(Kc  +  Ke) 


(999.695)(4.506)' 
(2) 


(0.030) 


=   0.3045  kPa 


AP 


TS 


AP   -  AP   -  AP    . 
m     s     exp/con 


36.147502  -  5.102  -  .3045 
30.741  kPa 


a 


pAPTS2gc 


4G' 


(^TSs 

^  D.  > 

l 


(999.695)(30.741  x  10J)(2) 
C4)(42.10.13)2(£!m9-) 


=   0.0126943 


Determination  of  Wilson  Plot  Parameters 
(a)   Ordinate 


Y  = 


U 


n 


6339.01 


=   1.578  x  10 


-4   m2  °C 


(b)   Abscissa 


X 


Re0.8prl/3  (JL)0.14 


w 


y   =   (4.134  x  10~4)  exp{[(0.008291758)(314.0) 
w 

+(2644.2189)/(314.0)] 

-  10.59252566} 

6.368799  x  10~4  kg/m- sec 
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X    =   (65008. 75)°-8(5.997)1/3(683^9)0-14 
=   7.4395  x  10~5 


8.   Determination  of  Sieder  Tate  Coefficient 

D 

C.    =  TH-  ,  where  M  =  slope  of  linear  regression  subroutine 

M    =   0.4726852,  from  linear  regression  subroutine 


r  (0.01588) 

I       (0.4726852)(0. 6072035) 


C.    =   0.055328 

l 


9.   Determination  of  Inside  Heat  Transfer  Coefficient 

h    =  £ik  ^0.8^1/3^,0.14 

i  ^w 

=   (q'qi3398)  (0.6072035)(65008.75)°-8(5.997)1/3 

.    8.6717  .0.14 
^6.368799; 

h.    =   33725.222  W/m2  °C 
10.   Determination  of  Outside  Heat  Transfer  Coefficient 


h 


o       ,  D 

1  -  R   -    ° 


U     w   D .  h . 
n         ii 


1.577533  x  10-4  -  30.315  x  10-6-  -  (0-01588) 


h    =   10837.413  W/m2  °C 


(0.01339)(33725.222) 


o 
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11.  Determination  of  Nusselt  Number 

Nu       hiDi      (33725. 22)(. 01339) 
k  (.6072035) 

=   743.706 

12.  Determination  of  Stanton  Number 

st    -   Nu 

(743.706) 
(65008. 75)(5. 997) 

=   1.90764  x  10~3 

13.  Determination  of  Performance  Factor 

TPF   =   |J- 
a 

j    =   St  Pr2/3  =  (1.90764  x  10~3) (5 . 997)2/3 

j    =   6.2968  x  10~3 

tp-r   -   (2)(6.2969  x  10"3) 
(0.0126943) 


TPF   =   0.9921 


14.   Determination  of  Area  Ratios 


a.  R     ,     =      0 

ext 


0.027   f     Re   3 

Re         ~      '  a        a 


3         V     0.046      Nu   /Pr1/3    (y/u    )0-14 


=      74195.57 
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f S        „   0.2 


_0_.  046 
Re. 


s 
0.00488295 


A        Re  3  f 

a    _    s   s 

As       Re  3  f 
a   a 


=   0.579 


14.   b.    Rext  f      0 


Correction  factors  F, ,  F9  and  F„  were  obtained  from 
reference  [23]  and  applied  as  outlined  in  reference  [22]. 

F,    =1.0  (fouling  correction) 

F9    =   0.9  (material  correction  for  90-10  copper-nickel) 

F„   =   1.02  (temperature  correction  from  coolant  inlet 
temperature  of  23.2°C  to  21.1°C) 

C    =   2883  (from  III . B. 5. (b) ( 2) ) 


C     =   Fi  F2  F3  C'   =   2595 


U 


°   o, 


V 


=   U  /F„   =   6214.72  W/m   C 
n'  3  ' 

fovo3C    pD.  ,  /r.  ,  ,r>  o 
■  \r*r± (^)l/5]l/2.3 

s       0.046  U    M 

a 


=  5.89  m/s 

U    =  C  (v  )0-5 

s  v  s' 

=  6297.9  W/m2  °C 


Aa 

As 

= 

U 
s 

U 
a 

6297.9 
6214.72 

= 

1.013 
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APPENDIX  C 


ERROR  ANALYSIS 


The  basic  equations  used  in  this  section  are  reproduced 
from  Reilly  [ll].   The  general  form  of  the  Kline  and 
McClintock  [27]  "second  order"  equation  is  used  to  compute 
the  probable  error  in  the  results.   For  some  resultant,  R, 
which  is  a  function  of  primary  variables  X, ,  X0 ,     ...    X  ,  the 
probable  error  in  R,  6R  is  given  by: 


12  n 


(C-l) 


where  5X.  ,  6Xp,  ...,  6X   is  the  probable  error  in  each  of 
the  measured  variables. 

C.l.   Uncertainty  in  Overall  Heat  Transfer  Coefficient,  U 
_ '   n 

The  overall  heat  transfer  coefficient  is  given  by 
equation  (4),  in  Chapter  III  as: 

m  c       T   -  Tc. 
n        v     o 

By  applying  equation  (C-l)  to  equation  (4),  the  following 
equation  results: 


162 


6U 


n 


U 


n 


6  A       6  c         • 


ST   (Tc.-Tc  ) 
v  v   1    o 


n 


m 


T  -Tc. 

(T  -Tc.)(T  -Tc  )ln  mV  =  1 
v  v    i/v  v    o     T  -Tc 


)' 


6Tc 


+  ( 


T  -Tc 

(T  -Tc. )ln  „V  „  - 
v  v    r    T  -Tc 


■>2   ♦ 


6Tc 


T  -Tc. 

(T  -Tc  )ln  _v  „  X 
v  v    o     T  -Tc 


)2]l/2 


(C-2) 


The  following  are  the  values  assigned  to  the  variables 


6?p 

Sra 

6T 
6Tc 


=  0.0042  kj/kg  UC 

=  0.01  m  kg/sec 

=  1.0  °C 

=  0.1  °C 


STc 


-  0.1  wc 


SA 


n 


=   0.00074  m 


For  Run  12  at  50  Percent  Flow 


6U 


n 


U 


n 


Tf. 00074  N2  ,  .    .0042  ,2    ,.01  m.2 


045604 


■4. 19973 


ra 


+  ( 


(1.0)(-4.9) 


(44.7)(39.8)ln(1.123) 


)' 


+   2   +  ( 


(0.1) 


(39.8)ln(1.123) 


)2  jl/2 


5U 


n 


U 


n 


051 


Un,  50% 


6339  i  326  W/m2  °C 


16: 


C.2.   Uncertainty  in  Inside  Heat  Transfer  Coefficient,  h. 


The  probable  error  in  the  inside  heat  transfer 
coefficient  is  given  by: 


5hi   _   r/5k>,2    ,^±^2    .   ,0.85Re,2    ,0.3336Pr,2 
h.      u  k  J  K  D.  J  K      Re   ;    <    Pr    ; 


5C.  0  0.146(u/u  )  2   ,/2 


(   i)^    +       ( ■ —r    J  '   ,     (C-3) 

1 


K/  w 


where: 


6k   =   0.030  W/m  °C , 

6D.  =   0.00051  m, 
l  ' 


6Pr  =   0.10,  and 
<5(— )  =   0.050. 

y 


The  probable  error  in  the  Reynolds  number  is  given  by: 

«gs     =    [(f)2  +    (iM >2  +    (^i)2  ]V»      ,  (c-4) 

where, 

I    «0        .      [(0^li)2   +   (2^1)2    jl/2  (c.5) 

m  i 


f        "  [COD2*    (^?i|)2    3V2=      0-013       . 
Since   6y   =      0.15   kg/m'hr,    then 

6Re  r,    nioN2         ,    0.15    s2    ,    ,.00051,2    -,1/2   _    .    n 

-^        =  [(.013)      +    (37121s)      +    (.01339)       ]  "    °-°5 

.  *.Re-nc,=  65008    ±    3245 
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The  probable  error  in  the  coefficient  C.  is  given  by: 
5Ci  =    [(^)2  ♦  C^f)2  +  (f)2    ]1/2   ,         (C-6) 


where : 


6D    =   0.00025  m, 

o  ' 


6k   =   0.03  W/m-°C,  and 


Sslope   =   0.065  slope 
5C 


C 

l 


'i   _  r,0.  00025,2  ,  ,  nRt..2    ,  ,      0.03   ,2  -, 
7   =   [(. 01588  >   +  (-065)   +  (.6072035)   ] 


03 .2  ,1/2 


5C. 


C. 

x 


1   =   0.082 


Ci,50%   =  °-°53  ±  -004 


Using  the  above  information,  the  probable  error  in  the 
inside  heat  transfer  coefficient  can  be  calculated  as: 


6hi      IV    -030  ,2  ,  ,0.00051,2  ,  ,    nQO,2  J  ,.  _    n  nc-,2 
TTT  =   [(.6072035)   +  (. 01339  >  +    ('082)   +  (0'8  x  °-05) 


.  ^.333  x  0.1,2    ..14  x  0.05.2  -,1/2 
k         5.997   ;     U. 361591   J   J 


lh. 

nc-i   =   0.096 
h. 

l 


Lh.  cn„   =   33725  ±  3238  W/m2  °C 
1,50%  ' 
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C.3   The  Uncertainty  in  the  Outside  Heat  Transfer  Coefficient   h 
. '   o 

The  probable  error  in  the  outside  heat  transfer  coeffi- 
cient is  given  by: 

!^°  =  {  [ {°n         ,2  +  f     *Rw       ,2 

Un  \   -  Rw  "  DTE")      %  ~   K  -   DTh-> 


D    5h. 

KD.h.  n  h,  ; 


+  [ LI L___]2   }l/2 


D -J    *    '    >  CC-7) 

J R      o 

U      w    D.h. 
n         11 


where: 
5U 


n 


n 
5Rw   =   1.54  x  10~6  m2  °C/W,  and 


Sh. 

-j~  =   0.096 
i 


,  D 

also,    -^_  _  r    ^_2_  =   9.2273  x  10  b   mZ   °C/W. 
n         i  i 


With  this  information: 


5ho   =   {  r .051 ,2  +  r  1.54  x  10  6   -.2 

ho         (6339. 01)(9. 2273  x  10"°)       9.2273  x  10"5 

r (.01588)(  .096) -.2  ,1/2 

+    (.01339)(33725)(9.2273  x  10~5) 
6h 

-c-2  =   .096 
ho 

h   =   10837  ±  1041  W/m  °C 
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C.4  Uncertainty  in  Tube  Performance  Factor,  2,j/f 

Since  the  Colburn  Analogy  defines  j  as  St  Pr2/3,  the 
probable  error  in  the  Tube  Performance  Factor  2j/f  is  given 
by: 

5TPF      rr6St.2  ,  ,2    6Pr,2    /fa,2  -,1/2 

"tpF  "  [(-sF}  +  (3  TF}  +  ("f— >  i'      >  <c-8) 

a 

where 

fiSt    _   r,6Nu.2    ,6Re,2  ,  ,6Pr,2  -,1/2  ,_  ns 

5Nu    _   rr5hi,2     6Di  2  ,  ,6k, 2  -,1/2 

TfiT   "  L("h~T)  +  ("d~~  *     +   cir)  J   »  and     (c-io) 


a  ^TS         b       LTS        p 


+  C^1)2  ]1/2.       •  (C-ll) 

i 


Assuming  6APTS  =  .02  APTg,  6p  =   O.lp,  and  6LTg  =  .0013  m, 
the  following  numerical  values  result: 


-j^        =   [(.02)2  +  (2  x  .013)2  +  (t§^|)2  +  C01)2 

3, 


,  .  .000051,2  -,1/2 
<-. 01339  ;   J 


61 
a 

f 
a 


0.03 
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MH        =      Tf    096)2   +    r  000051x2         ,       .030        2    -.1/2 
Nu  u-uyo;       t    ^01339    ;       +    (-.6072035;       J 

<SNu 


Nu 


=      0.11 


gSt         =      [(0.11)2   +    (.05)2    +    (|^§7)2    ]1/2 
St 

6St        =      0.12 


St 
6  TPF 


=      [(0.12)2   +    (§  x  A^)2    +    (0.03)2    31/2 


TPF  v3    "    5.997- 

<5TPF 


TPF 


=      0.124 


TPF.^    =      0.992    ±    0.123 


C.    5     Uncertainty   in   the  Area  Ratios 

C.    5.    1      R      .    =   0 
ext 

Using  Equation  (24)  the  probable  error  in  the  area 
ratio  (R   ,  =  0)  is  given  by: 


6(A  /A  )        6Nu       6Nu 

lAlAl  "   "TGi^   +  C"^)2  ]1/2  CC-12) 

v  a'  s  s         a 

where 

6Nu 

a    =   .  11 


Nu 
a 


In  addition,  from  equation  (26), 
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6Re< 
Re 


C(2-T->      +(2^       +(6-pF-)      +    (0-°7    (y/uw)> 


^2     Nu 


■r  ]■ 


<5Re, 
~Re~ 


=      [(|(.03})2   +    (|x0.05)2   +    (|  x  Al?)2 


+    ^°-07   X   173^§§I>2    +    (§x   0.11)2    I1/' 


6Rec 
~RlT 


=      0.094 


and  using   equation    (25) 


6Nut 
~Nu~ 


[(0.8^—)      +(^XTF)      M.Wi.-^jjy)       3' 


(C-13) 


6Nu 

< 

"Nu- 


9  i  i  n     9 

.[(.8    x    .094)^    +    (±  x   575^7) 


+    (    14    x         -15       )2    I1/2 
1  1.36159;       J 


<5Nue 
"Nu~ 


075 
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6U  /A  )  „  „ 

(A  /A  )   =   [(.075)^  +  (0.11)2  ylZ      =   .13 


VAs(R   ,=0)50%  =   °-57  *  °-07 
v  ext 


C.  5.  2   R   .  f   0 

ext  ' 


From  equation  (29),  the  probable  error  in  the  Area 
Ratio  (R   ,  f   0)  is  given  by: 


6(A  /A  )        6U   „     SU 

(A  /A  )   =   ^   -  C"^)2  J1/2  CC-14) 

v  a'  s  s        a 


where: 

6U 

u     =   .051 


Ua 


(C-15) 


and  from  equation  (30) 


<5U         n    Sv 
s  _   1^  s 

U  2  v    " 

s  s 

Equation  (27)  can  be  used  as  follows: 

I   £b  =  [{^B)a  +  (£i,»  +  c^)2  +  (f)2]1'2  (c-i6) 

s  si 
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6v 
s 


-  [(.oM)a*(^§5SS)a  +  (.oi,»  +  (^gI5)^/a 


6v  ,, 
s          =      . 11    , 


v 
s 


and 


°(A     /A     )  ,  r,  9-,  1/9 

(A    /A    )     =       C(|  x    -11)       +    (-OSl)^]1/-      =       .075 

3.        S 


A    /A  =      1.013     ±      .076 

a'    s, 


(Rext   *   0)50% 
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